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I. INTRODUCTION
Can we reach, at least in the near future, a balance between the
increase of population and food production? This is the question which
has become so common In our life that many of us do not pay attention to
it seriously. It is, in fact, difficult to visualize the problem to
understand what is really involved in it, and know what we can do about
it. Considering birth control as a long-range solution and knowing land
resources are limited, the reasonable solution would be increasing
production per unit area of land. Field experiments have proved that
part of our Increasing food requirement problem can be solved by in
creasing crop production through the use of fertilizers. Cooke (1972)
stated that world farmers used 9 million tons of plant nutrients
(N, ^2^5 while in 1970 about seven times as much
nutrients were used.
The Tennessee Valley Authority (Olson ^ £l., 1971) projected that
nitrogen use will exceed Vf million tons (represents ^5 percent of the
total nutrient consumption) in 1975. It appears that the need for
nitrogen continues to Increase.
Efficient nitrogen fertilization depends greatly on rate and time of
application. Cooke (1972) reported that all agricultural systems in humid
areas, whether they are developed on poor land or practiced on good crop
land, suffer from the low efficiency of nitrogen fertilization. He
indicated that in temperate agriculture no more than half the nitrogen
fertilizer applied is used in increasing crop yield. Under these circum
stances nitrogen which is not used efficiently will be lost by runoff
leaching and, or by denitrification.
Nitrogen, if in sufficient quantity in the water, would encourage
micro-organism growth, the extra growth would deoxygenate water which
would eventually be harmful to fishes. Hoi I (1972) reported that water
containing more than 20 mg NO^ fX is considered to be harmful by Swiss
Foodstuff Handbook. According to U.S. Department of Health, Education
and Welfare (1962) nitrate (NO^ ) should not be present in a water supply
in excess of kS mg/^. The same service reported that nitrate
concentration greater than hS ppm is undesirable in water used for
domestic purposes because of the possible toxic effect that it may have
on young infants. This effect, known as cyanosis, causes the baby to
become listless and drowsy and his skin takes on a blue color. Hoi 1
(1972) cited that this damage is due to a reduction of nitrate to
nitrite in the upper small intestine.
From the standpoint of biological and conservation considerations,
loss of NO^ -N is very important. Therefore, a study of nitrate-bromide
movement under field considerations was conducted to provide more in
formation on nitrogen movement and disappearance from the root zone.
Hopefully the results might be utilized to improve the use of nitrogen
fertilizer with respect to efficiency and pollution. Nitrogen movement
in saturated zone has been studied primarily under laboratory conditions
This research, which was accomplished under field conditions, presents
information on practical techniques for studying the problem.
Nitrogen movement can be affected by many variables such as soil pH,
soil moisture content, temperature, soil organic matter, status of plant
growth, previous cropping practices, rainfall, water table level, ground-
water movement and other soil physical, chemical and biological properties
Since it would be impossible to hold all these factors constant in the
field, it is recognized that a nitrogen movement study, particularly in
the saturated zone, is difficult. However, facing the problem in the
field would provide experinece which could be beneficial In solving the
problem.
II. OBJECTIVES
The objectives of the study were:
1, To obtain field data on possible disappearance of NO^~N
in the saturated zone by comparing the concentration of
NO^"n to Br".
2. To improve the understanding of NO^"-N and Br" movement
under saturated field conditions.
3» To obtain information on the use of the bromide ion as a
tracer.
4. To obtain practical knowledge on application of different
soil and water sampling techniques for shallow water table
conditions.
"I. TERMINOLOGY^
ammonification-The biochemical process whereby ammontacal nitrogen is
released from nitrogen-containing organic compounds.
denitrificatlon-The biochemical reduction of nitrate or nitrite to
gaseous nitrogen either as molecular nitrogen or as an oxide of
nitrogen.
immobiIization-The conversion of an element from the inorganic to the
organic form in microbial tissues or in plant tissues, thus rendering
the element not readily available to other organisms or to plants.
mineralization-The conversion of an element from an organic form to an
inorganic state as a result of microbial decomposition.
nitrate reductlon-The biochemical reduction of nitrate.
nitrification-The biochemical oxidation of ammonium to nitrate.
nitrogen assimt1 ation-The incorporation of nitrogen into organic cell
substances by living organisms.
nitrogen fixation-The conversion of elemental nitrogen (N^) to organic
combinations or to forms readily utilizable in biological processes.
^U. S. Department of the Interior (1968).
IV. REVIEW OF LITERATURE
A. Nitrogen Cycle
Nitrogen is a key building block of the protein molecule
upon which all life is based. Because of the critical position of the
nitrogen supply in crop production and soil fertility. It requires
continued conservation and maintenance.
A knowledge of the nitrogen cycle helps us to understand
nitrogen transformation and required considerations for efficient
nitrogen fertilization.
Asmall part of the large reservoir of N2 in the atmosphere Is
converted to organic compounds by certain microorganisms or by
mIcrobia1-piant association that makes the element directly available
to the plant. The nitrogen present In the body of the plant is used by
animals. When the animals and plants are subjected to microbiological
decay, the organic nitrogen is released as ammonium, which can be
utilized by the vegetation or be oxidized to nitrate. The latter could
be subjected to leaching, serves as a plant nutrient, or could be
reduced to gaseous N2 or to ammonia (NH^), Gaseous forms of nitrogen
are released to the atmosphere to complete the nitrogen cycle. In
Figure 1 the nitrogen cycle is illustrated.
B. Denitrification
It is commonly found in nitrogen balance that after accounting for
residual nitrogen, leaching losses, and nitrogen removal by crops on
the one hand, and on the other, for nitrogen fixation, fertilizer
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Figure 1. The nitrogen cycle. The darker lines indicate the main cycle
of mineralization and immobilization (adapted from Thompson
and Troeh, 1973)
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additions, and nitrate in rainfall or irrigation water, there remains an
unaccounted-for loss of nitrogen from the system (Broadbent and Clark,
1965). This unaccounted loss of nitrogen In the system which was first
noted in the late 19th century is referred to as denltrification. It Is
a process in which facultative anaerobes reduce nitrate and nitrite to
volatile gases, usually nitrous oxide and/or molecular nitrogen.
Denitrifying bacteria can grow under anaerobic and aerobic conditions.
However, only under the anaerobic conditions can denitrifIcation by the
above bacteria take place.
According to Alexander (1961) and In contrast with denitriflcation,
which is essentially a respiratory mechanism in which nitrate replaces
molecular oxygen, i.e., nitrate respiration, the utilization of nitrate
as a nutrient may be termed nitrate assimilation. Both transformations
involve reductive pathways, but the end products of nitrate respiration
are volatilized while the products of nitrate assimilation are
incorporated Into eel] material (immobilization). It is generally
accepted that denitrlfication is common to soils In which aeration is
restricted and nitrate instead of oxygen serves as the hydrogen acceptor.
Under aerobic conditions, the oxidation of a simple carbohydrate
(such as glucose) leads to the formation of CO^ and water.
^6^12^6 ^ ^
Where as in the absence of oxygen but In the presence of nitrate,
denitriflcation Is capable of nitrate respiration which could be
expressed as follows:
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According to Davenport ^ (1973) much of the present knowledge
about the denitrificat 1on process has been discovered in the laboratory
due to complexity and interrelation of physical factors suitable for
denitrification. However, the need for field research has become
increasingly great.
Effect of soil oxygen on assimilation was shown by a previous
formula. The degree of denitrification is inversely related to the
partial pressure of oxygen in soil and is directly related to moisture
content of the soil. Myers and McGarity (1972) studied the effects of
0^, moisture and glucose on denitrification in undisturbed cores. They
concluded that under their experimental conditions, amount of nitrous
oxide present after 144 hours was a reasonable index of total denitrifica-
tion, reported that nitrous oxide evolution was positively correlated with
moisture and quantity of added glucose and negatively correlated with
percent O2. They also indicated that with high potential denitrifying
activity, denitrification could occur under field conditions at moderate
aeration and moderately high moisture contents.
Broadbent and Clark (1965) reported that in an anaerobic system
for the seven soils tested the sequence of N0^~ —> ^N2O •—> N2
was observed as a function of time. However, there is some disagreement
regarding the position of nitrous oxide on the pathway. They indicated
that below a soil pH of 6 the primary end product Is nitrous oxide (N2O)
but about pH 7» nearly all the N^O is reduced to nitrogen gas (N2).
Alexander (1961) reported that denitrification accounts for 20 to
40 pounds of Nper acre loss. However, due to the changes in physical
and chemical environment existing in the soil, the nitrogen losses by
denitrification change widely.
As Davenport ^ al^. (1975) point out in discussing the effect of
soil moisture content or limited oxygen supply on denitrification, the
microscopic as well as the macroscopic denitrifying environment must be
considered. Microscopic volumes of anaerobic environments may exist
within systems thought to be wel1-aerated. If a readily decomposable
substrate is present in a medium suitable for denitrification, the
biological oxygen demand may increase to a point where the rate of
oxygen diffusion into the system is insufficient and scattered
microzones may undergo considerable denitrification. The small anaerobic
pocl<ets in the well-aerated soil have been observed after heavy rains.
According to Broadbent and Clark (1965) it may be noted that temporary
anaerobism is a feature of nearly all soils, whether ft results from
saturation during or after rainfall or irrigation, or from incorporation
of crop residues which impose a heavy oxygen demand. Since
denitrification occurs very rapidly, it is likely of significant
magnitude in many agricultural lands.
The existence of anaerobic or partially anaerobic areas in the soil
profile as a result of excessive moisture during part of the year greatly
influences the rate of denitrification. The higher the moisture level
the more favorable the conditions for denitrification. This is partly
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attributed to a decrease in the rate of diffusion of oxygen into soil
at higher moisture levels, consequently increasing the degree of
anaerobiosis (Bremner and Shaw, 1958 II). High soil moisture content
not only affects denitrificatlon Indirectly, as It was explained above,
but also it affects denitrificatlon directly. Bremner and Shaw (1958 II)
observed increased losses of nitrogen as a function of moisture content
up to 550 percent of water holding capacity, and noted that even when other
conditions were very favorable for denitrificatlon, little loss of
nitrogen occurs if the moisture content is less than 60 percent of the
water-holding capacity.
Black (1968) noted that at temperatures favorable to plant growth,
soils may become anaerobic within 10 hours after saturation with
rainwater. Hence even well-aerated soil may be anaerobic for a short
time after a heavy rain. From the above discussion we can conclude that
In Irrigated area and humid regions, excess of water in crop land not
only increases the nitrogen leached but also the rate of denitrificatlon
In the so 11.
Denitrificatlon like other biological processes, can be Influenced
by temperature. The optimum temperature is surprisingly high, In the
range 60-65'C as reported by Bremner and Shaw (1958 II). The relative
proportions of N^O and N2 In the denitrificatlon gas vary with
temperature, nitrous oxide being predominant at the lower temperatures
but molecular nitrogen at the higher temperature. Davenport ^ a\_, (1975)
studied the denitrificatlon In the laboratory and stated that nitrogen
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losses with methanol as a carbon source was 89 percent at 2k'C and kS
percent at 13®C. The same results were obtained by using sawdust at
13*'C. Desselie (1963) placed 6 gr samples of fleld-nxjist soil from
selected-depth layers of soils under water-logged conditions in the
presence of added nitrate (1 mg NO^"-N) at 3, 10. 17 and 2k'C for
1, 3 and 5 days. After each incubation period he analyzed the samples
for nitrate nitrogen and the decrease in nitrate concentration was taken
as evidence of denitrification. He found that denitrification increased
significantly with a rise in temperature from 3 to 2k*C, The low
temperature could be considered important from the standpoint that,
at this temperature when plants are not assimilating nitrate, available
nitrogen could disappear through denitrification.
Another requirement for denitrification is a readily oxidizable
substrate. Organic matter in the soil serves as an energy source by
supplying carbon as a hydrogen donor which was shown before by formula.
Davenport aj_. (1975) used sawdust and methanol as carbon sources in
tubes of sand used for denitrification studies. They found
denitrification so extensive with methanol that they recommended it as a
standard substrate. Denitrification in the tubes with sawdust as a carbon
source was insignificant. Desselie (19^3) noted denitrification was
detectable at levels of soil organic carbon as low as 0.4l percent. He
stated that apparently the organic substrate in subsoil is resistant to
microbial attack and only a small fraction is oxidizable as a source of
energy by denitrifying organisms. He also noted that for a particular
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soil the relationship between denitrification and organic carbon content
was found to be logarithmic.
McGarity (I96l) observed that additions of glucose to some Australian
soils of low carbon content Increased den Itr1ficat ion, but the effect was
slight in high carbon soils. He also reported the freezing and thawing
of soils which stimulated denitrification, was due to increased
solubility of organic carbon. Cellulose and other rapidly decomposed
organic matter increases the denitrification rate as compared to lignin.
However, Corey (1966) reported that denitrification would not be
measurably influenced until sucrose concentration in excess of 50 ppm
had been added to the solution used in the miscible displacement
experiments. Bremner and Shaw (1958 II) presented interesting
informations about influence of different kinds of organic matter
applied at different rates. They concluded that organic matter subjected
to rainfall had less available organic carbon and did not provide a
favorable condition for denitrification bacteria.
Soil pH was observed to have some effect on denitrification rate.
Bremner and Shaw (1958 II) reported that in their experiments an alkaline
condition was required for any extensive denitrification. They showed
that an increase in pH from 4.8 to 5.1 increased the denitrification
rate from 15 percent to 80 percent while an increase in pH from 5.1 to
8.0 only increased the denitrification rate by 5 percent. According to
Broadbent and Clark (1965) denitrification is fairly constant above pH 6.
Broadbent and Clark (1965) have noted general agreement that the
rate of denitrification is independent of soil N0^~ concentration.
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Corey (1966), by using different soil types in the laboratory,
found that denitrffIcation rates of added nitrate were lower when the soil
solution was flowing than when the soil solution was stationary.
C. Chemo-denitrification
It has been observed that all losses of gaseous nitrogen are not
attributed to biological reduction. Nitrate nitrogen added to well-
areated fallow soil often can, after one to several weeks of incubation,
be quantitatively recovered, or nearly so. Whereas, ammonium nitrogen
added to similarly incubated replicate lots of soil is not quantitatively
recovered. On occasion, the deficit may be of the order of half or more
of the nitrogen initially added. Such losses of nitrogen have been shown
to be due, not to volatilization of ammonia, but In part, at least, to
loss of elemental nitrogen. Because chemical reactions Involving nitrous
acid or nitrites are involved, it appears appropriate to designate these
losses as chemo-denltrlfIcation.
Inasmuch as chemo-denitrIfication can take place under fully aerobic
conditions, this pathway of loss has at times been designated as aerobic
denitrlfication (Broadbent and Clark, 1965). Three of the possible
pathways of losses by chemo-denitrification under the field condition
would be discussed below.
1. Decomposition of NO^H at low pH value
Gerretsen and Hoop (1957) reported that under a suitably acid
condition NO2H decomposes to yield NO.
14
3HNO^ >2N0 ^+HNO^ +H^O
2N0 +O2 >2NO2'''
In neutral or alkaline soil, there would be little if any loss of
nitrogen. Under the pH condition of 6 no loss was observed whereas
at the pH value of 3 loss of nitrogen was 26 percent of initial
appiications.
2. NO^H reaction with amlno acids
This reaction which is called Van Slyke reaction has been reported
by Smith and Clark (I960) and several other workers. It can be
11 lustrated as :
RNH^ + HNO^ —> ROH +
This part of losses of nitrogen which can occur at pH values of 5 or
below is not considered to be important from the standpoint of agronomy,
NO^H reaction with ammonia
released chemicals
Molecular nitrogen can be produced through the reaction:
NH^ +HNO^ —> 2H^0 + '''
Smith and Clark (i960) observed that ammonium sulfate gave up
3^ percent of Its nitrogen through the first hour at a pH value of 4.1
and a temperature of 20*C.
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0. Ammonia Volatilization
Loss of nitrogen can occur to the atmosphere by non-biological
volatilization of ammonia. The equilibrium equation for ammonium is
given as:
NH^ + oh" V ^NH^ + H^O
Ammonia volatilization is a chemical process which is a function of
soli pH and physical properties of the soil; whereas, ammonification is
the production of ammonium as a result of the biological decomposition of
organ Ic matter.
Volatilization of ammonia is inversely proportional to the cation
exchange capacity of the soil, and therefore, there is a high loss of
ammonia by volatilization in sandy soil. Many worl<ers reported that
(documented by Walter, 197^) as much as 50 percent of nitrogen in anaerobic
liquid dairy manure can be in the form of ammonium. Under optimum field
conditions over 90 percent of the ammonium can be lost due to ammonia
volatilization within one week after being spread on land.
E, Gaseous Loss of Nitrogen
As discussed, denitrification and volatilization in the soil
results in nitrogen losses In the soil; the magnitude of the loss
varies considerably. In case of denitrification the majority of workers
agree that anaerobic conditions and a carbon substrate are the two
major factors influencing denitrification. and that pH, temperature,
16
water content, texture, and plant growth interact to determine the
quantity of N lost to denitr1ficat?on.
Gaseous loss of nitrogen has been reported by many workers in the
fields and laboratories. Meek et al. (1969) increased the water content
of a soil having a water saturation percentage of percent to
^.5 percent or above and noticed large losses of gas both with and
without addition of organic matter. They found that in an irrigated field
the nitrate concentration was high near the surface but decreased at
depths approaching the watertable. They reported that only 1,5 percent
of the 280 kg N/ha applied to a cotton crop was discharged in tile
effluent during the growing season and concluded that denitrification in
the soil profile had apparently reduced the amount of nitrate reaching
the tile drainage system.
^ (1975) conducted field research at Parlier California in
Hanford sandy loam. Short term denitrification rates were estimated
after having the plots ponded for 2 weeks with a solution containing
100 ppm NO^ -N. Moisture contents at saturation ranged from 20-25 percent.
In the top 2 cm of soil total organic carbon was 0.26 percent and the pH
was 7.5 for the first 30 cm. They found denitrifying bacteria generally
decreased in number with depth. In the top 60 cm of soil, N0^~
reduction gave rise to the NO2 . In the top I6 cm of water-saturated
soil, denitrification rates were calculated to be from 0.013 to 0,046
ylig N/hour gr soil.
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Kimble et a]^. (1972) studied the fate of nitrates in a clay soil
cropped with four treatments for six years. The first plots received no
fertilizer, the second received 66 metric tons per hectare of dairy manure
(320 kg/ha N). The third plots received 22^+ kg/ha Nas NH^NO^ and the
fourth plots received both the manure and the inorganic N. Decreasing
NO^ -N/Cl ratios at all depths from fall to spring Indicated that
denitrification rather than leaching was responsible for the losses.
In a study of denitrifIcatron losses from tropical soils of Puerto
Rico, Dubey and Fox (197^) sampled soil profile from 5 depths (0-125 cm)
and Incubated at 23 t 1*C under field capacity and waterlogged conditions.
Evolved and N^O were determined after 1 and 2 weeks by gas chromato-
graphy. They observed that denitrification was related to moisture level,
organic matter content, pH, and denitrifying bacteria population and
gaseous loss of nitrogen occurred almost exclusively from the surface soil
(0-25 cm). Under waterlogged conditions losses ranged from 8 to 31 percent
of the applied NO^ -N. However, they indicated that there was some
gaseous losses, as little as 7 percent, at field capacity condition.
Adrian© ^ (1972) sampled to a depth of 15 mbeneath asparagus
and celery to determine NO^ -N concentrations In soil water of the
unsaturated zone and to estimate the soil N balance, it had been
reported to them that less than 50 percent of the applied Nwas being
taken up by the crop and in instances was as low as 17 percent. Their
data determined losses from denitrification ranging from 18.3 to 67.7
percent. The losses appeared to be directly related to rates of
irrigation with high losses coming with high irrigation levels. They
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also noted that the highest loss recorded of 67.7 percent was from a
field which had received N in the form of large amounts of chicken
manure. This was attributed to the high energy source available for
anaerobiosis.
Doner et (197^) studied the denitrification in soil columns.
Small columns 2.5 cm in diameter were filled with an oven-dried soil
(Hanford sandy loam), and leached with nitrate (10-100/2g/ml-N) for
3 weeks. The average NO^ -N concentration of the leachate during the
last 12 days of the experiment was used to calculate denitrification.
From columns of 25 cm length to which solutions initially containing
10 and 25^g/ml NO^ -N were applied, the average NO^ -N concentration in
effluent were 0.5 and 0.4^g/ml , respectively. For the same column
where the initial concentration was 50^g/ml NO^"-N the average NO^"-N
concentration in leachate for the last 12 days was 24yUg/ml. They
concluded that the net reaction of NO^ appeared to be zero order with
50 and 100^g/ml NO^ -N applications. Nitrate was not completely lost
with lower NO^ -N application.
Martin and Chapman (1951) found that the amount of NH^ loss by
volatilization was dependent on several soil factors. They point out
that as pH exceeds 7.0» NH^ is volatilized, that moisture loss may
cause simultaneous NH^ loss, that increased temperature increases loss,
and that as the amount of NH^ applied increases the total quantity lost
increases. They also found that neutral or acid soils showed little
NH^ loss, and that soils of high cation exchange capacity showed lower
NH^ losses than soils of low cation exchange capacity.
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It appears from these studies that nitrogen loss by denitrificatlon
is a significant factor in the efficient use of fertilizers for plant
growth. Proper timing and rate of the application appears to hold the
most promise of Influencing the efficiency of applied fertilizer N. The
longer fertilizer N remains in the soil, the greater is the probability
of loss. Proper management of the soil, water and fertilizer resources
appears to be the only solution presently economical.
Although from the agronomic point of view, denitrification has been
considered harmful. However, recently denitrification has been suggested
as a means of reducing heavy nitrogen loads for land disposal of organic
wastes.
Beer and KoelHker (1972), worI<ing with filtration through soli
profiles to reduce ground water pollution due to lagoon effluent, reported
that 40 percent to 80 percent nitrogen loss was due to denitrification.
Davenport et al. (1973) reported that methanol was found to be an
effective means of removing nitrate from a slowly moving stream of water
in porous material at temperatures as low as 13*C. He suggested that
since methanol is expensive, future efforts should be directed toward
developing a field technique for studying the effect of various less
expensive substrates on nitrate removal using methanol as a standard
substrate material.
In the above study it was found that filter material in the region
near a tile drain does have potential to reduce nitrates to the gaseous
nitrogen form at temperatures as low as 13*C. They proposed that by
20
raising the water table and creating an anaerobic zone where a readily
available substrate material can be added to the region near a drain,
heavy nitrogen loads of the effluents could be reduced.
F. Movement of Nitrogen in Soil
Nitrogen movement in the soil plays an important role in plant
growth (fertilizer efficiency) and water quality. Because of high
solubility of nitrate in water it tends to move with the water and
any nitrate added to or produced within the soil may be leached or
washed away by moving water. In Iowa where a large portion of the area
is covered with loess derived soils, the hydraulic conductivities of the
subsoils are relatively high. As a result nitrogen can be leached out
from the root zone by the water percolating through the soil. Heavy
rainfalls In the spring and the summer probably are more responsible
for the water quality problem in Iowa. Gardner (1965) noted that two
main processes are Involved In the movement of nitrogen.
1. Convection of nitrogen dissolved in soil solution due to mass
flow of soil solution and
2, Molecular diffusion due to concentration gradient.
Klrkham and Powers (1972) presented the following differential
equation for diffusion and mass flow with a model stipulating one
dimensional flow and steady state.
or n o
^ = D(P C/Px'^ ) - vSC/?x
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where:
C= concentration (gr cm~^)
t = time (sec)
2 —1D = diffusion coefficient (cm sec )
X = axis of Cartesian coordinate system (cm)
V= average velocity of fluid in pores (cm sec"^)
Considering the fact that there is some possibility of interaction
between the diffusing ion and the soil particles Gardner (1965) noted
a reaction rate constant in the formula (unsteady state), as follows:
If =D0^C/<3x^) - ?(vC)/9x +KC
wherein K is called the reaction rate constant (dimension 1ess). Then he
considered v as a constant and independent of x, and presented the
steady state solution.
C = Cq exp (is <-/^)
where
Cq = initial concentration (gr cm'^ )
Many workers studied the nitrate movement in the fields and
laboratories and presented conclusions based on their observations.
Because the mass flow is much larger than diffusion^ the latter was
neglected.
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Edwards et (1972) studied the movement of nitrates under
irrigation practices. In their laboratory and field experiments they
concluded that nitrates do not move at the same rate as the water when
the soil is initially saturated.
Rohweder (1956) studied the movement of nitrate applied at two rates
in the field as a function of precipitation and added water on five
Iowa soils during one overwinter period. The soils ranged from a sand
to a silty clay loam in texture. He found that the depth of nitrate
movement for a given water treatment appeared to increase for soils
that allowed a greater rate of percolation as a result of texture or
structure. The results of this investigation showed a linear
relationship of nitrate and water movement with soil texture.
A field study of nitrate movement on the three soils was
conducted by Calvert (1962) in Iowa. Infiltration rings were set
in place to prevent runoff. Nitrate was applied at two rates followed
by water applications at five rates (0. 2, 4, 6 and 8 in) and the
soil samples were taken at six-inch Intervals to a depth of five ft.
Data indicated that nitrate movement occurred at the higher moisture
levels through the entire five-foot profile in the Ida and Nicoilet
clay loams. A linear relationship between nitrate movement and applied
increments of water was indicated for the Ida soil.
Jolley (1974) completed a valuable study in Iowa. The major
site of his study was at the Moody Experimental Farm in northwest Iowa,
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with continuous corn plots which received 0, 50, TOO, and 150 pounds
per acre of Nannually as NH^NO^ for 17 years.
In Moody Experimental Farm he found nitrogen accumulation in the
soil increased greatly above the 50 N rate, with the largest in the
150 Ntreatment. The maximum accumulation of NO^ was found In the
4 to 5- foot zone at the two high nitrogen treatments. At the two higher
rates an average of 92 percent of nitrate was recovered to be between
0 and 6 ft and 99 percent was recovered to be between 0 and 8 ft from
surface. Accumulation of nitrate accounted for 18, 52 and kS percent
of the total Napplied during 17 years for the 50 N, 100 Nand 150 N
treatments, respectively. He reported that the average total recovery,
which Is presented as in Table 1, was 71 percent of the applied nitrogen.
Hence, he concluded that 29 percent was unaccounted for by the parameters
measured.
Another study was conducted by Musherraf (1974) in Iowa upon the
application of fertilizer Nduring 19 years in continuous corn on Napier
silt loam. He Indicated that the accumulation and movement of inorganic
Nwithin and below the root zone down to a 20 - foot depth was proportional
to the rate of fertilizer N application. A corn-oat-meadow rotation was
an effective practice to prevent movement and accumulation of inorganic N
below the k ft soil depth. He reported that in Webster clay loam where
rates of up to 600 lb N/A were applied every other year from 1970
through 1972, gradual movement of inorganic Ndown to 5 ft depth during
the 3-year period was noticed. In the former soil, 20 to 40 percent
of the applied fertilizer nitrogen (as inorganic forms of N) was
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recovered to be in the first 20 ft soil layer and 10-49 percent was
recovered in the corn grain. He observed that the downward movement of
Inorganic N generally was affected by the seasonal soil moisture content
which was In turn the result of fluctuations in seasonal precipitation.
Walter (197^) studied the nitrate movement in the soil under early
spring conditions. He provided a computer model to predict the nitrate
concentration distributed in the sandy soil profile. He reported that a
•sandy soli was chosen because of their higher pollution potential.
In a Z-year study of application of N, Black and Rossweight (1972)
found that by the end of the first year the NO '^'-N was concentrated in the
upper 3 ft of the soil and by the end of the second year this concentra
tion was In the upper 5 ft.
Johnson and Baker (1973) and Mackenzie and Viets (197^) presented
a good collection of the literature on nitrogen concentration In tile
effluents. Johnson and Baker (1973) conducted an environmental study for
a proposed reservoir near Ames, Iowa. They indicated that the concentra
tion of NOj -N In tile effluent is often above 20 ppm.
Baker et al. (197^) presented the results of a 4-year study on the
flow and NO^ -N, PO^-P, total P, and SO^-S content of tile effluent.
They indicated that annual loss of NO^ -N ranged from 0 to 93 Kg/ha and
was highly dependent on the amount of water lost. "They also noted that
from 1970 through 1973, NO^ -N concentration of tile had an overall
flow-weighted average of 21.0 ppm.
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Zakharchenko (197^) studied the supply of nitrogen with atmospheric
precipitation and losses through soil leaching. The results of
lysimeter experiments on SodpodzolIc loamy sand soil Indicated that the
amount of leaching varies from 2.1 to 25.6 Kg/ha per year. He noted
that the variation of nitrogen losses through leaching was due to
background nitrogen, fertilization and precipitation. Precipitation
supplied 5.5-8.5 Kg of nitrogen mainly In the form of ammonia
per hectare each year.
Nitrate and Ci leaching in a swelling clay soil at Tempe, Texas
was studied by Kissel et (197^). They used an undisturbed field
drainage lysimeter and applied 110 and 279 Kg/ha of Cl" and NO^"-N
respectively. Cl concentration during the first 25 mm of effluent
increased the effluent (at the depth of 125 cm) CI concentration by
7 ppm. They indicated that leaching losses of NO^ -N from mineralization
may be greater than those of applied nitrate when accumulated drainage
is > 50 mm following ferti1izer application.
Bolton ^ (1970) found that the amount of water that flowed
through the soil was the predominant factor influencing N losses in
three cropping systems. They reported that in some seasons more than
L.
30 Kg N/ha was lost In tile effluent. Corn plots with the most
effluent lost the most nitrogen followed by corn-oat?-alfalfa
rotation and bluegrass sod plots.
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From the literature covered it can be concluded that a significant
part of applied nitrogen can be lost through leaching. The lower water
holding and ion adsorption capabilities of sandy soils make them more
susceptible than other soil types to nitrogen movement.
The permeability of sand is often much greater than clay. The
higher the permeability, the shorter the time a solute will remain near
the surface of the soil profile and consequently the less likely that it
will be adsorbed onto the soil or used by plants. Furthermore, because
of its high infiltration into soils it tends to force the existing soli
solution deeper into the soil profile and eventually out of the plant
root zone. The water-holding capacity of a soil is dependent on the
specific surface of the particles. The larger the particles the lower
will be the moisture-holding capacity of the soil. Since sandy soils have
less specific surface than other soils, the sandy soil types have
relatively lower moisture-holding capacities. Therefore, if equal
volumes of water are Infiltrated Into a sandy soil and a silty soil,
the depth of penetration would be deeper into the sandy soil than It
would be into the sllty soli. Any nitrate present in the soil solution
would be forced deeper Into the sandy soil profile than the sllty soil
profile by the infiltrated water. Thus more consideration should be
given to efficient use of nitrogen in sandy soil because of a higher
pollution potential.
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G. Use of Tracers in Nitrate Movement Study
The movement of nitrate through the soil in the laboratory and the
field has been followed by many research workers since it is such an
Important plant nutrient. Many tracers have been used in the experiments
to follow nitrate movement including C1 , Br , I , dyes, radioactive
elements and organic '"ompounds. All of these tracers produce different
results in moving through porous medium. Some of the variables which
affect the movement of the tracers In the soil are flow characteristics
of porous medium, fluid densities, fluid viscosity, molecular diffusion,
adsorption, decomposition and uptake by the plant. Kaufman and Orlob
(1956) observed that chloride If used in fairly dilute concentration
would be a satisfactory tracer In the soil, whereas iodine movement can
be affected by adsorption; tritium movement may be Influenced by
exchange with various types of water bonds In the porous material.
However, the latter may give better representation of actual water
movement than C1 , Blggar and Nielsen (1962) felt that the differences
between tritium and chloride breakthrough movement curves could be
attributed not only to adsorption and exchange, but also to the unequal
diffusion coefficients of the two tracers.
Smith (1972) first documented that an anion can move through soil
faster than the average velocity of the water molecules present. He
explained that the greater velocity of anions Is due to the fact that
they are excluded from the immediate vicinity of negatively charged soil
particles where the water Is relatively Irmvoblle or from narrow pores
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where solution velocities are slow. He studied Cl" movement in 15
surface soils in columns with 3 cm inside diameter and 25 cm in length.
He found that Cl (0,01 normal) moved through the soils 1.04 to 1.67
times faster than it would if it had been associated uniformly with
all the soil water. In other words Cl may not have enough time to
associate with the soil water before passing through the soil, Cl"
movement was highly correlated (r=0,96) with cation exchange capacity
of the soil. He calculated that the dispersion coefficient for Cl was
from 0,05 to 0,700 cm /hr. Thomas and Swoboda (1970) studied the Cl"
movement in the soil and arrived at the conclusion that anion exclusion
plays an important part in increasing the movement of salt through soil
with high cation exchange capacity.
A laboratory study of rate of Cl and water movement was conducted
by Tullocket (1975) in Southern California. They indicated Cl'
movement in the soils with respect to the water movement is 2 to
25 percent faster. The increase was explained on the basis of anion
exclusion next to the surface of negatively charged soil colloids.
Corey ^ (1967) indicated that Cl and NO^ may not move at
the same velocity through the same soil. In some soils Cl" moves
faster than NO^ ; this could be due to microbial activity of NO^" in
soil. The dispersion coefficient of Cl' calculated varied from 1.533
2 2cm /hr for the muck soil to 0.094 cm /hr for the Ida silt loam.
As noted before, molecular diffusion has some affect on the movement
of the tracers through porous medium. Diffusion coefficients will vary
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with temperature and molarity of the tracer. Some CI~ and N0^~
compound diffusion coefficients were presented by PhilUps and Ellis
(1970).
Hodgman ^ (1962) gave a table of diffusion coefficients for
strong electrolytes of different molarity. They indicated that at 25"C
the diffusion coeffic'ent for KBr and KCl was X lO"^ cm^/sec
"5 2and 1.8Mt X10 cm /sec when the molarity was 0.1 and 1.975 X10~^
cm /sec and 1.892 X10 ^ cmVsec when the molarity was 1.00, respectively,
whereas the same coefficient for KNO^ was 1.840 XlO'^ cmVsec when the
molarity was 0.01.
Smith and Davis (197^) found that the movement of Br relative to
that of NO^ was identical in subsoils, but slightly variable in surface
soils. They indicated that the variability in surface soils was
attributed to microbfal activity involving nitrates and concluded
that Br has utility for following NO^ movement through the soil.
They found that Br moving 1.05 to 1.64 times as fast as it would if they
had been uniformly associated with all the soil water (which is identical
to NO^ movement).
From literature covered we can conclude (l) bromide is non-
radloactlve and does not present a radiation hazard, (2) bromide Is an
inexpensive tracer costing around $2.00 a pound, (3) the bromide follows
water faithfully, (4) bromide has little or no adsorption to the soil
particles, (5) bromide is not easily reduced or affected by bacteria,
(6) 200 ppm of Br does not have harmful effects on humans and (7) the
background concentration of Br in soil and rainfall is low. Observations
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by Harriss and Wnifams (1968) at station 5 of their studies showed the
ratio of Cl /Br in concentration rainfall is around 50. Houghton
(19^6) indicated that Cl /Br ratio in underground water of six wells in
Southern England was ranging from 261 to 375. The Yearbook of
Agriculture, 1955, U.S. Department of Agriculture documented that the
Br concentration in the Atlantic Ocean, Miami Beach, Florida was ^9
ppm whereas the Cl concentration was 1970 ppm (a ratio of 403.5) in
1941.
A gas chromatographic determination of Br" was presented by Matthews
^ al. (1973). Further development of new analytical methods for Br'
would be valuable. New methods would make Br' a more common non-toxic
tracer for hydrologic probl&ns.
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V. RELATED DATA ACQUISITION AND INVESTIGATION
A. Description of the Area
1. Location and size of the experimental area
The 100 X 100 ft experimental area is located at Iowa State
University Agronomy - Agricultural Engineering Research Center eight
miles west of Ames,^ south of Highway 30. It was installed in an
uncultivated area which had been in grass for several years.
2. Land surveying and topographical map
On May 2, 197^, the experimental and surrounding area was surveyed.
The topographic map is presented in Figure 2. The maximum relative
elevation with respect to the reference is 102.34 ft. The minimum
relative elevation in the experimental area is 101.58 ft. The
intersection of the north rail of railroad tracks and west edge of
gravel road, shown in Figure 8, was used as the reference point with
the arbitrary elevation of 105 ft.
The steepest slope of the experimental area Is about one percent
and the average slope is about 0.7 percent. The bottom of the ditch
parallel to the gravel road is 1,5 ft deep with respect to the average
elevation of the experimental area. This ditch carries the surface runoff
toward a tile inlet that drains the ditch.
According to Meldrum^^, (19^1), the mean Ames temperature is
W'^ter and /l-fi'F for Summer. The mean annual temperature Is
^.0"F and its mean annual precipitation is 31 in, of which more than
60 percent falls during Spring and Summer,
\102.
33
^ _LlC>l.ifl
^ ~r - i
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B. Collecting and Evaluation of Preliminary Data
1. Soi1 surveying
On April 17, 197^, the area was surveyed to define the structure,
texture and other properties of the soil.
The observations showed that the soil series is Harps, which is
normally associated with Webster and Okoboji soil series. These soil
types are found in the north central area of Iowa, in the Clarion-Nicolet-
Webster soil association (Oschwald ^ , 1965). They have developed
from calcareous loam till under the influence of prairie grasses.
The surface layer of the soil is dark gray loam to clay loam. The
textual class of top 3 ft was clay loam. It had a gray ^ horizon, which
is one of the indications of the Harps soil series. The fourth foot of
soil was determined to be silty clay loam containing sand pockets and
mottling. Deeper than the fourth foot the soil becomes sandy clay
loam.
The top layer's structure was granular and the subsoil was sub-
angular blocky in structure.
The C0^~ existence on the top was tested by diluted hydrochloric
acid. Grass root penetration was mainly observed within the top 6 in
of the soil, the water table level was 2.55 ft from the soil surface at
the time.
2. Soil organic matter content
The knowledge of the soil nitrogen movement is improved by determina
tion of the content of soil organic matter. Organic matter affects the
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physical, chemical and biological properties of the soil as well as
being a source of nitrate.
To evaluate the organic matter in the soil 28 soil samples were
taken from the experimental area. Seven samples were taken at each
location representing seven different depths. Organic matter content In
the soil samples were measured by means of an oxidation technique
Introduced by Melbius (1960).^
The maximum observed organic matter content occurred in the top
6 In of soil and was 5.0 percent of the dry weight of the soli. The
minimum determined organic matter content, which was 0.3 percent,
occurred at the depth of 5 ft.
The organic matter distribution through the profile Is Illustrated
by Figure 3. According to Kohnke (1968) the soil, based on its organic
matter content, can be classified into four categories which are
presented In Figure 3.
3» Soi1 reaction
According to Thompson and Troeh (1973) the solubility of inorganic
nitrogenous salts Is high for the entire pH range In soils. The amount
of mineralization of nitrogen from organic matter Is greatest In the
range from 6 to 8, The affect of soil reactions on denitrifIcatlon was
discussed In Chapter IV.
^The location where the samples were taken for determining soil
organic matter content are shown as 0^, O^, 0^ and 0^ in Figure 8.
The soil samples were tested at Iowa State University Soil Testinq
Laboratory for organic matter content.
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To measure the soil pH 28 soil samples were tested at Iowa State
University Soil Testing Laboratory. These soil samples were taken at
the four locations discussed in Chapter V.B.2. The soil pH was
determined by the method described by Shoemaker et (1961); the
results are presented In Table 2.
The soil reaction ranges from pH = 8.10 at the topsoil to pH = 8.53
at 5 ft below the ground surface. No significant variability can be
observed In the data with depth. According to Thompson and Troeh (1973)
the soil could be classified as medium alkaline, which is a good
Indication of being high In CaCO^.
4. Soil temperature
According to Kohnke (1968) temperature is an important property of
the soil which affects the microblal and enzyme activity and the
decomposition of organic matter. The soil temperature was recorded at
Iowa State University Agronomy - Agricultural Engineering Research
Center and was reported in C1imatological Data of the Department of
Commerce (1971, 1972, 1974).^
The temperature at a soil depth of 40 in was important because it
was recorded at the same depth as that being examined for nitrate-bromide
movement. Soil temperatures are tabulated in Appendix Tables 19 to 23.
^ ^The soil type where temperature was recorded is Ciarian loam. The
soil IS bare and cultivated to a depth of 2 in. The slope is zero
degrees.
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Table 2. Organic matter content and pH in the soil profile
Soil
Depth
(in)
Organ i matter
(percent)
content Soi1 pH
Max Min Av ^ Max Min Av ®
0-6 5.0 4.6 4.8 8.20 8.00 8.10
6-12 4.1 3.3 3.7 8.30 8.15 8.20
12 - 18 2.3 2.0 2.2 8.40 8.20 8.30
18-24 1.8 1.5 1.7 8.40 8.20 8.30
24 - 36 0.9 0.5 0.7 8.50 8.35 8.40
36 - 48 0.7 0.3 0.5 8.60 8.40 8.45
48 - 60 0.3 0.3 0.3 8.58 8.50 8.53
Average of four soil samples.
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The daily temperature at the depth of 40 in is the average of the
1970« 1971 and 1972 seasons because temperatures were not recorded at
the above depth in 197^ (see Figure 4).
The monthly soil temperature has its maximums in July, August and
September with the soil temperature at a depth of 40 in around 63.5 F
(monthly average of 1971 and 1972).
5. Water table
The water table, which Is the upper limit of the saturated zone at
atmospheric pressure, was located by boring holes in the experimental
area and observing the water level. The water table fluctuations were
observed within two observation pipes, 15/16 in In inside diameter and
within two observation wells h in In diameter. The 15/16 In perforated
observation pipes were installed in holes 5 ft deep, partially filled
with gravel. The region around the pipe was then backfilled with gravel
so that water could flow freely into and out of the pipe. The top foot
of the hole around the pipe was backfilled with the field soil. Therefore
nearly natural conditions for infiltration were provided (Figure 5).
The water table measurements were obtained by observation with a
water level Indicator and regular tape. The data obtained are presented
In Table 3.
The observation wells and observation pipes were placed at each
corner of a 50 ft square in the experimental area (Figure 8). The
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Table 3* Water table elevation (ft)
Date wtl'' Elev WTL El ev WTL El ev WTL El ev
4-11-74 2.60 99.65 2.50 99.71
_d
4-18-74 2.60 99.65 2.55 99.65 2.60 99.59 2.40 99.6k
4-25-74 - - 2.70 99.51 2.60 99.59 - -
5-2-74 3.20 99.05 3.11 99.10 2.95 99.24 2.89 99.15
6-4-74 2.90 99.35 2.80 99.41 2.70 99.49 2.70 99.34
6-6-74 3.00 99.25 2.80 99.41 - 2.75 99.29
6-7-74 3.10 99.15 2.90 99.31 - - 2.70 99.34
6-8-74 3.10 99.15 3.00 99.21 - - 2.80 99.24
6-10-74 1.70 100.55 1.83 100.39 1.70 100.49 1.35 100.64
6-12-74 2.40 99.85 2.40 99.81 - 2.20 99.84
6-14-74 - - 2.40 99.81 - _ _
6-18-74 - - 3.0 99.21 ~ - 2,80 99.24
6-19-74 - - 2.45 99.76 - - 2.25 99.79
6-20-74 - - 2.40 99.81 - - 2.25 99.79
6-21-74 2.50 99.75 - - - - 2.42 99.62
6-22-74 - - 1.50 100.71 - - -
6-24-74 2.25 100.00 2.30 99.91 2.25 99.86 1.90 100.14
6-25-74 2.55 99.70 2.50 99.71 2.45 99.74 2.25 99.99
6-26-74 2.75 99.50 2.70 99.51 2.00 99.59 2.35 99.69
6-27-74 2.90 99.35 2.85 99.36 2.75 99.44 2.55 99.49
7-10-74 3.85 98.40 3.85 98.36 3.71 98.48 3.61 98.43
7-11-74 - - - - 3.65 98.54 -
7-12-74 3.90 98.35 3.85 98.36 3.70 98.49 3.50 98.54
7-15-74 - - 3.90 98.31 - -
7-25-74 - - 4.40 97.81 - _
7-30-74 — - 4.60 97.61 - - - -
0^ and 0^ observation pipes, 0^ and 0^ observation wells.
b
Water table level is distance from surface to water.
Elevation of water table with respect to reference point.
^Not recorded.
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relative water elevation at each location was used to calculate the
hydraulic gradient.
According to Kohnke (1968) the water table has a major effect on the
soil temperature. When the soil becomes wetter its thermal conductivity
rises markedly. However, since thermal diffusivity is proportional to
thermal conductivity and inversely proportional to specific heat per unit
volume, the increase of thermal diffusivity in the soil with an increase
of moisture content is less than the increase of thermal conductivity.
As it Is illustrated in Table 3 the highest level of water table
(1.35 ft) was observed in observation well 0^^ on June 10, 197^, and
lowest level (if.6 ft) was recorded on July 30, 1974 in observation well
0^ with respect to the ground surface. In view of the relationship
between the water table elevation and rainfall, it should be noticed that
the former observation Is associated with a heavy storm on June 10 of
2.65 in of ralnfal1.
Preliminary study involved finding an area without subserface
drainage. However, water table fluctuations in May showed that there was
an old drainage system close to the experimental area. The tile line
was found on June 5» 1974; the tile drain was thoroughly plugged at six
locations as Illustrated by Figure 2.
6. Hydraulic conductivity measurement
Hydraulic conductivity measurements were needed to interpret the
nitrate-bromide movement. The method applied in the field was introduced
by Van Bavel and Kirkham (1948). The test was accomplished by the
following steps:
kk
1. Measure the water table depth with the reference to the ground
surface.
2. Measure the depth of the hole to determine the water depth.
3. Measure the hole diameter.
4. Pump water out of the hole, and determine the rate of rise by
measuring the rise In water level in a short period of time.
Repeat this several times as water level rises.
5. Find the appropriate value of S for the different h/d from the
graph presented in Van Bavel and Kirkham (19^8) and calculate
the hydraulic conductivity by the formula:
In which.
K= 0.617 ^ (Van Bavel and Kirkham, 1948)
K = hydraulic conductivity, ft/day
' I rriA
dt
h = depth of water in hole at the time ^ was determined, ft
= rate of rise of water level in hole at depth h, ft/day
r = radius of hole, ft
S ~ a coefficient which is dependent on the ratio h/d
and r/d; and
d » depth of the hole below water table, ft
The locations of the auger holes in which hydraulic conductivity was
measured are shown in Figure 8. The 0^ auger hole was 5.48 ft deep and
0,32 ft in diameter, and the H-auger hole Is 7.00 ft deep and 0.33 ft in
diameter. The former gave the conductivity average of 9.97 ft/day. The
latter averaged 9.24 ft/day. The overall average for seventeen
different tests run is 9.54 ft/day (see Table 4 and 5). According to
^5
Table k. Hydraulic conductivity
in H-hole
No.
h
(ft)
dh /• f t X
dt ^day' K=ft/day
1 3.98 432 8.3
2 4.16 84.15 3.24
3 2.79 1800.0 12.56
k 3.55 987.42 10.18
5 3.85 480.0 8.53
6 2.58 2040.0 12.74
7 3.23 1254.2 11.02
8 3.58 939.13 9.67
9 3.85 617.13 10.97
10 4.06 177.04 5.11
X = 9.24 3.08
Table 5- Hydraulic conductivity
in 0^-hole
No.
h
(ft)
dh / ft ^
dt ^day^ K=ft/day
1 2.26 624 11.75
2 2.57 297 9.15
3 2.50 756 10.68
4 2.32 471.27 9.13
5 2.50 336.96 9.68
6 2.18 583.79 9.42
7 2.67 220.49 9.96
X ^ 9.97 S =
X
.95
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According to Kohnke's (1968) classification, the soil has rapid hydraulic
conduct i vlty.
Before measurements were made, water was pumped from the holes
several times to flush out the soil pores, A one-day period was allowed
for the water level to reach the equilibrium position before measurement
of hydraulic conductivity. The bottom of the holes penetrated the
pervious stratum, but did not extend to the impervious layer. As indicated
by Spangler and Handy (1973), the result can be used to obtain a good
approximation of K, even in the absence of an impervious layer.
Observation
pipe Elevation
°1 99.06 ftCM
O
99.10 ft
99.24 ft
O4 99.15 ft
As Is demonstrated in Table 6 the hydraulic gradient and its
direction changed as a result of the water table fluctuations. The
results are illustrated in four water table class intervals. In Table 6.
The average hydraulic gradient, and that which we calculated from May 2,
1974, (see above) data used In estimation of water velocity are about the
same.
7. Flow velocity determination
The mass flow relationship for the nitrate-bromide movement could
have been visualized after reviewing Chapter IV. Consequently, no
further explanation in that regard could be found essential.
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Table 6. Hydraulic gradient defined at several water table levels
Water table level
from surface (ft) n
Hydraulic gradient
ft/ft
Approximate direction
of flow
1.75 - 2.25 2
0.22
55
= 0.0040 Southeast
2.25 - 2.75 5
0.08
50
= 0.0016 East
2.75 - 3.25 1
0.16
61
= 0.0026 Northeast
3.25 - 3.75 2
0.11
52
= 0.0021 East
K75 - 3.75 10 X(i)
S =
X
= .0023
.00098 Southeast
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Spangler and Handy (1973) indicated that a substantial part of the
flow area in soil is occupied by solid material. If the total area
assumed perpendicular to the flow is A and the porosity of the soil is
0, the actual area through which water is flowing would be Ag. The
actual mean flow velocity, V , can be presented as:
a
V . -2- =
^a A9 9
Since:
Thus
0 = 0,46
K = S.Sff ft/day
1 = 0.0026
Va - (0.0026) (9-5'.) 12 ^ 0 64
. 46
8. Rainfal 1
Rainfall is one source of soil water which can move through the
soil by means of infiltration and percolation. Tliese modes of soil
water movement influence nitrate-bromide movement through the soil.
To better understand and evaluate this movement, rainfall data
were reviewed. The normal (Ames 3 SW) rainfall averages for this area
is 31.12 in annually (Shaw and Waite 1964), Highest rainfal] amounts
occur in May and June, In 19/4, the precipitation was 4,5 in, 9.47 in.
^9
5.65 in and 1,70 in for April, May, June, and July, respectively.
Rainfall was considerably higher than normal for the first three months.
The daily rainfall data are presented in Table 7 and Figure 6.
According to the U.S. Department of Commerce (197^), this was the
ninth wettest May in 102 years of state records. Therefore, the
influence of the heavy 197^ rainfalls on the nitrate-bromide movement
may have been significant.
9. Soil water evaporation
Pan evaporation data were used to make an approximation of
infiltration associated with heavy rainfall. The pan evaporation data,
which were measured in a standard weather service /i-type pan, were
recorded at Iowa State University Agronomy-Agricultural Engineering
Research Center. Table 23 (Appendix) and Figure 7 are based on the
data published by the U.S. Department of Commerce (197^).
Miller (1973), reported that the evaporation process may be divided
into three stages. In the first stage the evaporation is relatively fast
and depends on the above ground environment. The second stage, during
which the rate of evaporation exceeds the upward flow rate, is
characterized by rapid decline. In this stage evaporation potentials at
the soil surface are less effective. In the third stage most of the
water moves up rn the vapor state, therefore, evaporation is low and
essentially constant.
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Table 7. Daily precipitation (in.) 1974
(U.S. Department of Convnerce,
1974)
Apri 1 May June July
Day of Precipi Precipi Precipi Precipi
month tation tation tation tation
1
a
T - - -
2 - — .02 -
3 1.43 .03 - T
k .03 - - -32
5 - > - -
6 - .12 _
7 > .48 T -
8 - .02 .05 -
9 - T 2.65 -
10 - T .04 .44
n .41 .34 .03 .04
12 .11 - - -
13 - .90 .44 -
14 .22 T T
15 > - .06 -
16 - 1.51 - -
17 - .03 — •
18 _ 1.73
19 — .41 .80
20 .54 _
21 1.66 .18
22 _ 1.44
23 _
24 _
25 T _
26 T 1.24 T
27 - .13 .69
28 .07 2.31 .20
29 .03 .19 — —
30 - -
31 - - - .01
Total 4.50 9.47 5.65 1.70
Trace, an amount too small to measure,
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Miller (1973) cited that if rainfall is frequent, mulch improves
the moisture storage capacity of the soil, to reduce moisture loss by
evaporation a non-selective herbicide, paraquate, was broadcast on the
experimental plots to stunt the grass.
According to Viessman ^ al. (1972) a pan coefficient of 0,7 would
give a good approximation of lake surface evaporation. Pair et al.
(1969) reported that in June and July pan coefficients (Class A) for
pasture and grasses In the Sacramento River Basin were 0.75 and 0.72,
respectively.
The coefficient used in this experiment is 0.7 for the first two
days after rainfalls of more than 0.49 in, and 0.60 for the days
with less than 0.5 in, of rainfall. The data derived based on the above
information are illustrated in Table 8. As is shown in the Table, in
May the total soil evaporation was approximated to be 3.93 in, with a
maximum of 0,23 <n on May 2, 1974 and a minimum of 0.03 in on May 8, 1974
and May 9» 1974, In June the total soil evaporation was 5.59 in, with
the maximum of 0,37 in on June 28, 1974 and a minimum of 0.05 In on
June 7, 1974. In July the total soil surface evaporation was 6.79 in
with a maximum of 0.39 in on July 2, 1974 and a minimum of ,07 In on
July n, 1974 and July 31, 1974. The average dally soil evaporation
in May, June and July was 0,13, 0,19 and 0,23 In, respectively.
10. Runoff and Infiltration
Runoff estimation helps us to approximate the amount of water that is
added to the ground water by rainfall.
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Table 8. Estimated daily soil evaporation,
1974 (in)
Day of Evaporation (inches)
month May June i>uly
1 .17 .14 .26
2 .23 .17 .39
3 .18 . .25 .17
k .15 .14 .18
5 .20 .17 .18
6 .15 .13 .26
7 .10 .05 .25
8 .03 .14 .20
9 .03 .16 .26
10 .05 .15 .32
11 .17 .18 .07
12 .14 .18 .20
13 .15 .14 .25
14 .13 . 16 .23
15 .10 .30 .22
16 .10 .20 .27
17 .08 .14 .32
18 .06 .22 .24
19 .04 .22 .18
20 .09 .19 .22
21 .17 .20 .22
22 .11 .20 .22
23 .20 .19 .19
24 .16 .20 .26
25 .13 .15 .18
26 .10 .19 .16
27 .08 .17 .25
28 .12 .37 .20
29 .15 .20 .18
30 .11 .29 .19
31 .20 . — .07
Average .13 .19 .23
Total 3.93 5.59 6.79
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The method used for runoff calculation was derived by the U.S.
Department of Agriculture (Hydrotogical Handbook, Section 4, 197^). This
method is based on a curve number which is associated with the antecedent
soil moisture, type of soil and vegetation. According to the SCS, where
the soil type is Webster or Harpster, a curve number (CN) would be 7^,
if the soil is covered with pasture or native range at Class-ll soil
moisture condition
Considering CN = 7/f
1000
Thus,
= ,0 . s
S = 3.51
0 ^ (P-0.2 S)^
P + 0.8 S
wherein:
Q. = direct runoff, in
P = storm rainfal1, in
S - maximum potential different between P and 0., in, at
the time of storms beginning
In Table 9 the runoff and infiltration (I « P-Q-E, where I is
infiltration, E is soil evaporation, Q is direct runoff and P is
precipitation) for three heavy rainfalls are presented. These storms
occurred on June 9, 197^ (2.65 in), June 19, 197^ (0.8 in) and on June
22, 1974 in).
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Maximum Infiltration amounted to 1.64, for June 9, 1974 storm. In
the runoff estimation when the rainfall was less than 0,8 in, no
significant runoff of water resulted. Infiltrated water was either stored
or evaporated.
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VI. PROCEDURE
A. Design and Treatment
The general objective of this study was to obtain information on
the movement of nitrate in a subsoil in Central Iowa. A technique was
developed In an attempt to study the movement and losses of -N by
comparing the concentrations of NO^"-N to Br", both of which were
added In known amounts to the saturated subsoil. A solution of 10,000
ppm of NO^ -N and 10,000 ppm of Br were injected together Into the
soil six in below the water table. After two weeks, and again after
four weeks under natural field conditions, the designated plots were
sampled for nitrate and bromide.
The distribution and concentration of nitrate and bromide and the
displacement of the Ion from the injection point provided an Indication
of movement. Relative concentrations of nitrate with respect to bromide
provided a reference for estimating the amount of denitrification.
An experimental design was developed to meet the objectives. As
illustrated in Figure 8, three different plots were assigned in order
to evaluate the movement and possible losses of nitrate after an extended
period of time. Three plots (plot 1, 2, and 3) were assigned to be
sampled two weeks after injection. The two-week sampling will hereafter
be called treatment one.
Three other plots (plot I, 11 and III) were assigned to be sampled
four weeks after injection. The four-week sampling will hereafter be
called treatment two.
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Legend
Treatment one - plots 1, 2, 3
Treatment two - plots 1, II, 111
P - piezometer plot
H - location of hydraulic conductivity test
0^, 0^ - observation pipes
O^, 0^ - observation wells
Figure 8. -Experimental layout
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A separate plot, designated by p in Figure 8, was selected to
apply a piezometer technique for study of the nitrate movement. Water
samples drawn from piezometers were tested for nitrate and bromide two
weeks after Introduction of the solution.
B. Injection and Technique
The relative size and location of the injected plots are illustrated
by Figure 8. To avoid possible contamination from one plot to another,
larger sized plots were used for treatment two since the time between
injection and sampling was longer. Treatment two plots were 20 ft by
20 ft; treatment one plots were 10 ft by 10 ft.
The solutions were placed at a depth of kZ in, 6 in below the
water table (June 6, 197^ and June 7» 197^). The piezometer plot
injection depth was the same, however, at the time of injection (June 25,
1974) the water table was at the depth of 30 in below the surface.
The injection apparatus consisted of a fifty ml burette, a 4-foot
long pyrex capillary tube and a connector made of plastic. Apiece of
wire was inserted into the tube to prevent plugging the capillary
tube with soil at the time it was forced into position (see Figure 9).
The injection was performed in five steps.
1. A hole was made with a probe to the desired depth,
2. The capillary tube was connected to the burette filled with
5 ml of distilled water.
3. The stopcock of the burette was opened until the capillary tube
was filled with water to remove bubbles from the capillary
tube. The bottom of the tube was plugged with a short piece of
wi re.
Capt1lary tube
( i.d, = 3/4 to
1 1/4 mm)
Wl re
Burette
Stake
(1/V dowel)
Tygon
tube
iO
n
(D
'^0
(*)
Figure 9. Injector
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k. The capillary tube was forced into the probe hole; then it
was lifted slightly to dislodge the wire plug and the tip
was at the desired depth.
5. The burette was opened to determine whether the injector was
working, 50 ml of nitrate--bromide solution was placed in the
burette and allowed to seep slowly (controlled by stopcock)
into the soil over a period of 6 to 9 hours. To minimize the
disturbance of the water table, the burettes flow rates were
tested in the laboratory. The stopcock position corresponding
to the desired flow rate was marked. The solution contained
10,000 ppm of NO^ -N and 10,000 ppm of Br~,
C. Sampling Method
1. Soil sampling technique
To sample for NO^ -N and Br with the least possible disruption of
the hydraulic system and to prevent possible contamination, the upper
layers of soil were removed to within 9 in of the level of the point
of injection. Two-foot long cores were taken in a vertical direction
around the point of Injection. The soil cores were taken at quarter
points of concentric circles centered on the point of injection. Three
concentric circles 6 in apart were used. This resulted in obtaining
13 soil cores including one in the center. Each core was divided In
four 6-inch long samples. This resulted in a matrix of 52 points
around and at the point of injection. The first 6-inch increment was
taken by 3 in auger. The others were taken as 1 3/8-in diameter soil
cores 18 in long, and then divided into three 6-inch long soil samples.
The sampling method is illustrated in Figure 10.
Thin wall galvanized pipe with the same outside diameter (1 1/2-in)
as soil sampler and plugged at the bottom was inserted Into the sample
hole soon after taking the sample to minimize groundwater movement.
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6'^-^ 6"
r=12"
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(i.d. = 1 3/8")
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SECTION A-A
Figure 10. Soil sampling scheme for a plot
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Sampling In the saturated zone produced a vacuum which tended to
pull the sample out of the bottom of the sampler. Five samplers were
examined. Four and 3-inch diameter samplers caused problems. Sampling
with the screw type sampler resulted in some contamination from one
layer to another. The 1-inch Oakfield sampler was considered too small.
The 1 3/8-in Oakfield sampler worked best, and was used throughout the
expe r rmen ta t i on.
The soil samples were placed In plastic bags with tags showing
date, depth and the other needed information. The soil bags were stored
in a freezer soon after returning from the field.
2. Piezometer sampling technique
To evaluate the practicality of another technique in tracing
NO^ -N and Br movement for saturated field conditions, the piezometer
technique was adopted for comparison.
Four water samples were taken through piezometers at each sampling
point (piezometer set), namely, 6 in above, at the injection level,
6 in below, and 12 in below the injection level. Each tube of the
piezometer set corresponded to depths of 3 ft, 3.5 ft 4.0 ft and 4.5 ft
from the surface. The piezometer sets were located at quarter points
of concentric circles, centered on the point of injection. The three
concentric circles were situated 6 in, l8 in, and 30 in from the center.
This resulted in a matrix of 48 samples around the point of Injection
(see Figure 11).
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Plan view of piezometer plot
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Section of piezometer set
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V
Figure 11. Locations and sections of the piezometers
A piezometer set
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This method is applied in the field in five steps (see Figure 12).
1. Forty-eight 6-foot long piezometers were divided into four
groups; each group was marked for the desired depth.
2. A hole was made to the desired depth with a probe the same
size as the outside diameter of piezometer. A piezometer
with another small probe Inserted within to prevent plugging
was Inserted into the hole.
3. A 3-inch cavity was produced beneath the piezometer with the
small probe.
4. After all piezometers were set and the probes removed, the
water was pumped out to clean the inside of the piezometer,
5. A three mm (i.d.) glass tube was Inserted into each piezometer.
A rubber tube to be used for pumping was connected to each
glass tube to reduce contamination.
The bottom of the glass tube was set at the top of the cavity to
prevent possible plugging with soil particles (see Figure 12).
Water samples were taken to test the background concentration of
NO^ -N and Br before N0^~ or Br" solutions were injected.
Injection of the NO^ -N and Br solutions took place approximately
one week after Insertion of piezometers. Sampling began two weeks
following the injection.
A hand vacuum pump was used to take the samples. A two-hole cork
stopper with two glass tubes inserted was used to take samples
individually collected in separate test tubes. The cork stopper was
washed between each sample collection.
To reduce the water flux disruption, a maximum of five ml of water
samples was taken. Since the piezometer had filled with water before
injection, it was assumed the water In the piezometer would not be
representative of the water in surrounding area. Therefore, five ml
Ground Surface
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Amber tubing
(gum rubber,
i.d. = 1/16")
Pyrex tube
(I.D. = 1.75 mm 0.D. =
3mm)
Plastic
tubing (Acetate)
Connector detai
Cavi ty
Figure 12. Section of a piezometer with withdrawal tube in place
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s removed to allow a suitable sample to enter the piezometer before
the actual sample was taken one day later.
This technique was easy to apply and eliminated the work with soil
in laboratory analysis. Moreover, the sampling was less time consuming,
less complicated and created no vacuum problems as in the soil sampling
method. However, some flow disruption may have taken place.
D, Laboratory Analysis
1. Moisture content determination
The moisture content was needed to calculate the nitrate and bromide
concentration in the soil water. A portion of the soil (around 50 grams)
was weighed before and after drying at 105*C to 110'C for forty-eight
hours. Moisture contents were measured based on the dry weight.
2. Nitrate determination
Nitrate In the soil-water and the water samples were tested by
cadmium reduction method, which is explained in Standard Methods for the
Examination of Water and Waste Water, American PublIc Health Association
(1971).
The following order was used in nitrate determination:
1. A sample with a ratio of k parts of wet soil to one part of
distilled water were weighed and placed into a flask which
was shaken for 30 minutes with a mechanical shaker. The
upper portion of the shaken soil-water mixture was then
placed in a 50 ml culture tube.
2. Twenty ml of extracted water in the tube was filtered through
millipore membrane filter (0.64/X) for the nitrate determination,
and ten ml of water was utilized for the bromide determination.
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3. The filtered sample was passed through a column containing
amalgamated cadmium filings to reduce nitrate to nitrite.
The nitrite was converted chemically to a red dye and intensity
of color measured in terms of absorption by a colorimeter
(Beckman DB-6 Spectrophotometer).
k. The concentration of nitrate in the sample then was measured
through use of a curve made by running some samples of known
concentration and recording the corresponding absorption by
colorimeter.
5. After measuring the nitrate content of the extracted water, the
W + W
value was then multiplied by dilution ratio, —rj (wherein
S
Wg was the weight of water in the soil sample and Wwas the
weight of water added to the soil sample In step 1) to give us
the concentration In the soil water.
3. Bromide determination, specific
ion electrode method
To measure Br concentration a specific Ion electrode (Orion #9^-35)
was used in conjunction with an expanded scale millivolt and pH meter.
Adouble junction reference electrode was used with a 10% KNO^ outer
fillIng solution.
The following procedure was used to measure the Br concentration:
1. A beaker filled with 25 ml of water and containing a small
magnet, was placed on the magnetic stirrer.
2. The reference electrode connector was inserted Into the input
jack on the pH meter. The protective cap was removed from the
sensing element of the electrode and its connector was inserted
Into the sensing electrode input jack. Both electrodes were
placed Into the beaker.
3. The function switch of the pH meter was set to the expanded
ml IIvolt position.
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k. The sample of distilled water was run first to obtain the
limiting value for the potential (Br~ = 0). Then, successive
additions of ^iquantities of a concentrated Br standard
were made to the distilled water resulting in concentrations
varying from 0.1 ppm to 102.4 ppm (by doub1ing the concentration)
Semilogrithmic graph paper was used to plot the values of
concentration Br in the standardizing solution (log axis)
against the electrode potential developed In solution (linear
axi s).
5. Ten ml of extracted water sample (see nitrate determination) was
placed In the 50 ml beaker with the magnet inserted. Both
electrodes were immersed in the solution. The voltage was
recorded after the potential stabilized. The corresponding
concentration was read from the calibrated graph and the
tentative concentration was doubled by adding some known
amount of bromide to the samples. The final millivolt
reading was recorded.
All the samples and standardizing solutions were stirred during
measurement. Samples and standardizing solutions were at the same
temperature. The electrodes were rinsed with distilled water between
samples measurements to prevent solution carry over.
According to Fritz and Schenk (197^), theoreticalIy the electrode
potential at different concentrations of the Ionic species is calculated
with the aid of the Nerst equation:
where;
E = E + 5
a
log A
Ag'
E = The measured total potential of the system
^a ~ portion of the total potential due to the choice
of electrodes and Internal solutions
S = Nerst factor or electrode slope
AAg+ = The silver ion activity in the sample solution.
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The potential developed due to Internal and external reference
electrode is constant (i.e., E is a constant); therefore changes in the
a
electrode potentials are due only to changes in the sample silver Ion
activity. Even though the original sample may not contain the silver ion,
a very few are produced by the extremely small solubility of the silver
bromide membrane. The silver ion activity is related to the bromide ion
activity in the sample solution by
"Ag-^ -
where K= Is the solubility constant for silver bromide, and A„ - is the
' Br
bromide activity. Where 's substituted in the Nernst equation
K _namely, E = E + S log -r , it can be observed that as the Br activity
Br
increases the potential decreases. By definition = f (C) (where
f = activity coefficient and C is the sample Br concentration) and we
know that in very dilute solutions f approaches 1, and can be cancelled,
thus = Cg^-(where Cg^- Is the concentration of Br').
In the known addition method, the Br concentration can be calculated
from
C /A C + 1
ZiE = S log °
where.
C /A C
o
AE = The change In observed potential (in mV) after the
standard addition of Br" at the time of the sample
analysis
If
then.
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S = Slope of the electrode (in mV per cycle). At 25*C
the electrode exhibits a 59.16 mV change in potential
for each ten-fold change in halide ion concentration.
For the non-linear part of the calibrated curve (see
Figure 13) S would not be equal to 59.16 millivolts.
It can be calculated from , whereAE' is the
logz *
change in potential for each two-fold change in
halide ion concentration at the time of standardizing
= The unknown concentration of sample (in ppm)
Ac = The change in concentration of the unknown sample
after the standard addition (ppm) corresponding to
the A E.
C /A C + 1
AE = S log °c^/^c
ae , ^ ^ '
S ® CMC
o
AE
s 1
10 = 1 + 'C^/AC
AE
Ac S^ = 10 -1
^o
AE
10 ^ -1
1
when the only unknown is C^. According to Frant (1974), the solubility
of silver bromide at 25"C is (7.1) (10 ^) moles per liter which would make
the lower limit of detection about 0.05 ppm. In practice concentrations
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lower than 0.1 ppm produced only small changes in potential with respect
to changes in concentration, (i.e., the slope and therefore the
sensitivity was reduced, see Figure 13) therefore 0,075 ppm was considered
to be the lowest detectable concentration. By necessity some samples
were diluted as much as 25 times which would mean concentrations of
these samples less than 1.9 ppm would be questionable. "Hiere are some
interferences with Cl" and l" in the application of this method.
Some of the samples were sent to the Analytical Services Laboratory,
Engineering Research Institute, Iowa State University for bromide
determination. The bromide was measured by a colorimetric method
introduced by Stenger and Kolthoff (1935). A comparison of different
methods for measuring bromide Is shown by Table 10.
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Table 10, Comparison of different methods of measuring bromide
Method
Approx, ^ Instrument
Sensitivity labor/sample cost
Potent iometric 0.1 ppm 30 min $600
Colorlmetr!c 0.1 ppm 15 mIn $1,000
Gas chrom,^ 0.1 ppm^ 1 hour $7,500
Neutron act. anal,^ 0.001 ppm 2 hours $15»000®
Based on 10 ml sample size; by concentrating larger samples
sensitivity can be Increased.
b
Dependent on number run because of standardization procedures and
batch efficiencies.
'^Taken from Lyon (1964).
Probably much better with a high temperature electron capture
Instrument,
e
In addition must have access to nuclear reactor. The methods are
presented in order of comple;^lty.
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RESULTS AND DISCUSSION
The general objecttve of this study was to obtain Information on the
movement and fate of nitrate and bromide in the subsoil under saturated
conditions. Two techniques were developed to study the movement and
possible den 11rificatIon of NO^ ~N by comparing the concentration of
NOj Nto Br both of which were added as point sources in known amounts
(0.5 grams/plot) to the saturated subsoil. After two weeks, and again
after four weeks under natural field conditions the designated plots
were sampled for nitrate and bronide concentrations.
A. Background
To better understand the NO^ -N and Br movement In soil, the back
ground concentration of nitrogen and bromide was measured. The
background concentration of bromide in soil water is often quite low.
As reported by the Pennsylvania State University, 1973 in central
Pennsylvania the background concentration of bromide ranged from 0.02
to 0.03 ppm. The background bromide concentration of water samples from
piezometer at our experimental site, sampled on June 14, 1974, averaged
0.17 ppm and ranged from 0.08 to 0.29 ppm (S = 0.09) for 11 observations
taken from saturated subsoil at the depth of 3 ft to 4.5 ft from surface
(see Table 11). According to a personal communication between James L.
Baker and James O'Toole, background concentration of bromide at the
Respectively, assistant professor of agricultural engineering and
associate professor. Biochemistry, Iowa State University, Ames, Iowa.
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Iowa State University Agronomy-Agricultural Engineering Experimental
Farm, in a drained and cropped field, was observed to be 0.08 ppm.
Harriss and Williams (1968) tested a series of precipitation samples
taken from individual storms in January, 1968 at Hamilton, Ontario;
concentrations of bromide ranged from 0.012 to 0.65 Ppm. Variations
can be a function of the particular storm and, of course, the precision
of the analytical method.
Table 11. Background of Br concentrations In water from piezometers
in experimental area, June 14, 1974)
Br
Depth Concentration Average
ppm ppm
36 0,18, 0.09® 0.14
^2 0.13®, 0.16 0,15
^8 0,13®. 0.39, 0.08 0,20
5^ 0.23, 0.20, 0.08^, 0.20 0,l8
®Not significant for analysts technique used.
The NO^ -N background was essentially zero at the experimental area,
The NO^ -N concentration in soli water for fifteen soil samples taken on
April 11, 1974 and June 25, 1974, (30 in to 60 in from the surface
when the water table was 30 in from the surface, averaged 0.09 and
ranged from 0.01 to 0.38 ppm (S =0.l4). Thirteen water samples located
between 36 in to 54 In from the surface and taken on June 14, 1974,
averaged 0.06 ppm, S^=0.03 ppm and ranged from 0.02 to 0,14 ppm (see
Table 12 and 13 ).
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Table 13. Background NO '^-N concentration in water from piezometer
test site with soil depth
Depth NO-"-N Concentration Average
in ppm ppm
36 0,04®, 0.05 0.05
k2 0.07, 0.08 0.08
48 0,04®, 0,06 0,05
54 0,14, 0.06, 0.02®, 0.05, 0,07
0,06, 0.08, 0.04®
®Not significant for analysis technique used.
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Gilliam ^ (197^) observed that under a wooded area the concentra
tion of NO^ -N in the ground water collected from shallow wells less than
three meters deep was less than 1 ppm. He indicated that the highest
concentration area observed In the winter. Baker ^ (197^) stated
that water taken from three piezometers at depths of 132, 198 and 2kk cm
In a grassed, unfertilized and undrained area never contained more than
0.5i 0.3 and 0.1 ppm of NO^ -N, respectively. Low nitrogen concentration
In the wet area could be due to the denitrification. Thompson and Troeh
(1973) stated that in the field, denitrification may account for losses
of up to 100 lb/A of nitrogen in wet area In a single season. The summary
of the background Br and NO^ -N concentration Is shown by Table 1^.
B. Treatment One
To observe the possible disappearance of NO^~-n with respect to Br",
two weeks after injection (June 7» 197^) treatment one plots were sampled
for concentrations. During the sampling process after the surface soil
was removed, rainfall occurred (June 19 and 22, 197^) and water ran
Into the holes resulting In considerable leaching through the injection
zone. Sampling was done soon after the soil was dry enough to take the
samples. The samples were analyzed later in the laboratory for NO^ -N and
Br . However, the results were of questionable value because of leaching
and therefore, were eliminated from this discussion, the data are In the
Appendix. Water samples taken from piezometers two weeks after injection
(July 11, 197^) were available for the short term measurements.
The average concentration of Br' was observed to be 1.32, 2.84 and
1.45 ppm In water samples for 6, 11 and 12 observations at kZ in, 48 In
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Table l4. NO^ -N and Br concentration of background of experimentation
area
Number
Depth Sampling Watertable of Average Range
'n time level observation ppm ppm
Br Concentration
(water samples)
36-5^ June 14, 30 11 0.17 0.08-0.39
NO^ -N Concentration
(water sample)
36-5if June 14, I974 30 13 0.O6 0.02-0.14
NO^ -N Concentration
(soilwater sample)
30-60 April n, 1974 30 15 0.09 0.01-0.38
June 25, 1974
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and 5^ In of soil depth, respectively. The overall average was 1.95
ppm (S ® 1,81) which was 11.5 times higher than background concentration.
The overall average of Br concentration of the treatment, 1.95 ppm can
be compared to a Br concentration of 6.1 ppm in the hypothetical case for
which the 0.5 grams of Br Injected is distributed uniformly In a column
of soil (46 percent porosity) 2 ft high and 2 ft in diameter.
As illustrated by Figure 14 there was some downward movement of
bromide from the point of Injection {kZ in from surface). The highest
concentration observed was 6 in below the level of injection.
Laboratory analysis showed that most of the Br was concentrated
within 6 in from the Injection axis. This would mean that the flow
velocity had a greater downward component than lateral component (see
Figure 14).
Two weeks after injection, 31 water samples were also taken from the
piezometers and averaged 0.09 ppm NO^ -N concentration, Acomparison
between the average of bromide concentrations (1,95 ppm) and NO^ -N
concentrations (0,09 ppm) two weeks after Injection indicated that a
large portion of the nitrate disappeared probably through denitrificatlon
by anaerobic bacteria during the two weeks (see Figure 15).
The mechanism of NO^ -N reduction through the two week period could
be summarized as follows. We know the microorganism growth and organic
carbon assimilation require some energy Input. This energy can be
obtained by the biological oxidation of organic or inorganic matter for
aerobic condition with oxygen acting as an electron or hydrogen acceptor.
In the absence of O2 a number of other substances such as nitrate or
1.
2.
3.
4.
a.
4)
O
k2
k8
5k
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Br concentration (ppm)
1
Distance from Injection axis
"O 6 In
•B 12 in
18 in
Water table level at injection time (June 25, 1974) was 29 in
Water table level sampling time (July 11, 1974) was 40 in.
Injection level was at 42 in.
Total rainfall during treatment was 0.80 In.
Figure 14. The average concentration of Br" vi'ith respect to depth two
weeks after injection (treatment one, piezometer samples)
a.
0)
o
k2
48
54
84
Br concentration (ppm)
0 1 2
T
-0 Br concentrati on
« NOj -N concentration
(almost al] of the samples were
below the detectable level for
soiI samples)
1. Solution injected at 42 in.
Figure 15. Average NO^ -N and Br concentration two weeks after injection
(treatment one, piezometer samples)
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sulfate can play a roll as an electron acceptor. Therefore, part of
the NO^ could reduce to NO^ through the above processes. At the sane
time, NO^ -N with other nutrients such as P, K, ... and S can be absorbed
by microorganisms through Immobilization and would further decrease the
amount of NO^ -N in the soil zone sampled.
According to Bremner and Shaw (1958 II) readily decomposable organic
compounds, when conditions are right, induce rapid denitrlfication of
NOj . They showed that the rate of denitrification increased with the
amount of straw added to the soil surface and that a large amount of
straw was required to induce denitrifIcation at a rate comparable to
that obtained with a small quantity of glucose. Then, by using straw
residues subjected to rainwater, they showed that the water soluble and
ready decomposable constituents of straw are quite effective in promoting
denitrification. They also showed that by use of 200 mg of organic
matter (iignin, grass, straw, cellulose) at 25^0, with 12 samples of soil
water containing 5 mg of NO^"-N, 9, ^9. 56, and 88 percent of Nwas lost
(as {q of added NO^ ~N) , respectively, within 20 days. From the discussion
above it can be concluded that conditions were favorable for anaerobic
bacteria, and as a result for denitrification. In addition the average
soil temperature during June and July at the depth of kO in was about 60'F
which is in the range of favorable conditions for bacterial activities
(Bremner and Shaw,1958 II and Desselle, 1963).
The rainfall of 1.44 in, which occurred on June 22, 1974, raised the
water table and provided about a foot of head of water above injection
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level (42 In) at the injection time (June 25, 197^). Although during
two weeks of this treatment only 0.80 In of rainfall occurred, the
initial rainfall provided a sufficient head on the injection point to
flush out part of bromide and nitrate to a level below the sampling zone.
It should be noted that the number of samples is less than the number of
piezometers because the water table was below some piezometers. In
addition some samples were not large enough to run both Br and NO^ -N
tests, the average NO^ -N and Br concentrations are shown by Table 15.
C. Treatment Two
Treatment two was conducted to determine the soil water NO^ -N and Br
concentrations four weeks after Injection. The average concentration of
bromide in 67 (presented In Appendix Table 25, 26, and 27) soil water
samples was 1.06 ppm; the average concentrat Ion of NO^ -N in 61 observations
was 0.26 ppm, which Indicated most of the nitrogen had disappeared (see
Figure 17 and 16). As can be seen the bromide recovered is less than that
detected in treatment one (1.95 ppm, plezometric method). This is an
Indication of the leaching which occurred. Total rainfall during this
treatment was 6.31 In (see Table 18). The 2.65 In storm on June 9, 197^
had the largest affect on leaching the nitrate and bromide from the
sampling zone. Heavy rainfall during the observation time of this
experiment raised the water level within 16 In of the surface.
The hydraulic gradient was directed from the plot toward the
nearby road ditch. Larger hydraulic gradients were associated with
higher water tables. However, the averages of bromide concentrations
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Table 15. Average NO^ -N and Br concentration (ppm) of different
radii respect to depth, treatment one, piezometer samples
Plot P
Distance from
Injection axis
in
Depth
in
NO^"- N Br"
X S
X
n X S
X
n
6 36 - - - - - -
42 0,02 0,00 3 0.49 0,55 3
48 0.08 0.02 4 5.12 4,01 4
54 0.03 0.02 4 2.44 0,41 4
18 36 - - - - - -
42 0.47 0.61 ? 2.53 0.71 2
48 0.08 0.05 4 1.38 1.06 3
54 0,11 0.12 4 0.94 1.07 4
30 36 - - - - - -
42 0.25 0.23 2 1.42 0.00 1
48 0.06 0.03 4 1.64 1.46 4
54 0.02 0.01 4 0.97 1.03 4
Average of all
rad i i 36 .
42 0.21 0.33 7 1.32 1,10 6
48 0.06 0.03 12 2.84 3.00 11
54 0.05 0.07 12 1.45 1.81 12
Code: Water table level at inject ion1 time was 29 in from surface on
Water table level at sampling time was 40 in from surface on
July 11, 1974
Injection level was 42 in from surface
Total rainfall during this period was 0.80 in
o.
0)
o
Br- concefftrstien (ppm)
0 1 2
-T
33-39 • 6 (Ax
39-45 ^ to
45-51
7
51-57
57-63 0 V'5>
88
Center
LI 6 in from injection
axis
X 12 in from injection
axis
18 In f rom injection
axis
Average
Br concentration
Code: 1. Water table level at Injection time (June 7, 197^) was 36 In,
2. Water table level at sampling time (July 16, 1974) was 47 in,
3. Injection level was 42 in,
4. Total rainfall during this treatment was 6.31 In.
Figure l6. Br concentration with depth, four weeks after Injecting 0.5
grams of NO^ -N and 0.50 grams of Br (treatment two.
plot III) sampled at different distances from injection
axis (soil sampling method)
33-39
39-^5
t 45-51
Q.
lU
O
51-57
57-63
89
Concentration (ppm)
0.00 1.00 2.00
Average NO^ -N
concentration
Average Br concentration
H Plot I
£7 Plot H
9 Plot 11 I
Code: Water table level at injection time (June 7, 1974) was 36 in
Water table level at sampling time (July 15 and 16, 1974) was
47 In
Injection level was 42 In
Total rainfall during treatment was 6,31 In
Figure 17. NO^ -N and Br concentration with depth, four weelcs after
injection, treatment two, soil samples
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from sets of data taken four weeks (soil samples) after injection were
6.2 times higher than the bromide concentration of the background (0.17
ppm). The overall average Br concentration of this treatment, 1.06 ppm
can be compared to a Br concentration of 6.1 ppm in the hypothetical case
for which the 0.5 grams of Br Injected is distributed uniformly in a
column of soil (46 percent porosity) 2 ft high and 2 ft in diameter. The
observations showed that the average Br concentrations for plot I, II and
and I I I of this treatment were 1.02, 1.09 and 1.06 ppm for 10, 13 and hk
(in case of NO^ -N determination 38) soil samples; whereas, the NO^ -N
concentrations were 0.28, 0.30 and 0.24 ppm, respectively. The data
indicates that the standard deviations of the Br concentration are
0.19, 0.13 and 0,19 and for the NO^ -N concentrations are 0.11, 0.09
and 0,16 for plots I, II and III respectively. Data of plot III showed
that the NO^ -N concentrations were below the detectable level of the
analysis technique used for almost all the cases (35/38) and the Br'
was uniformly distributed without any conclusive observable pattern
through the sampling zone with respect to depth. Therefore, only a
sufficient number of the total available samples from plots I and II
were analyzed for NO^ -N and Br concentration which in turn yielded
results similar to those obtained from plot III.
A comparison between the average Br concentrations (1.06 ppm)
and NO^ -N concentrations 0.26 ppm indicated that a large portion of the
nitrate disappeared through denltrifIcatlon under anaerobic conditions
(see Table 18). As a matter of fact, the nitrate probably had disappeared
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Table 16. Average NO^ -N and Br concentration (ppm) with respect to
depth, four weeks after injection, treatment two
Plot 1 1 1
Distance from
Injection axis
t n
Depth
in
N0^"-N Br"
X S
X
n X S
X
n
Center 33-39 0.23 1 1.17 1
39-^5 0.17 1 1.18 1
45-51 0.23 T 0.79 1
51-57 0.29 1 0.87 1
57-63 0.86 1 1.03 1
6 33-39 0.24 0.12 2 1.24 0.13 2
39-45 0.48 0.39 2 1.31 0.44 2
45-51 0.12 1 1.02 0.04 2
51-57 0.27 0.18 2 1.08 0.19 2
57-63 0.45 0.43 2 0.76 0.30 3
12 33-39 0.16 0.02 3 1.38 0.10 3
39-45 0.16 0.03 3 1.21 0.16 3
45-51 0.14 0.01 3 1.21 0,08 3
51-57 0.14 0.01 3 0.96 0.04 3
57-63 0.13 0.03 3 0.89 0.26 4
18 33-39 0.15 0.04 2 1.15 0.01 2
39-45 0.43 0.38 2 1.19 0.21 2
45-51 0.20 0.07 2 1.00 0.13 2
51-57 0,28 0.23 2 1.02 0.45 2
57-63 0.14 1 0.89 0.20 4
Code: Water table level at injection time was 36 in from surface on
Water table level at sampling time was Wj In from surface on
July 16, 1974
Injection level was k2 in from surface
Total rainfall during this treatment was 6.31 in
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Table 16. (continued)
Plot III
Distance from
injection axis
in
Depth
in
N0^"-N Br"
X S
X
n X S
X
n
Average of al 1 33-39 0.18 0.06 8 1.26 0.13 8
radi i
39-45 0.31 0.26 8 1.23 0.21 8
45-51 0.17 0.05 7 1.06 0.16 8
51-57 0.23 0.13 8 0.99 0.20 8
57-63 0.33 0.33 7 0.87 0.23 12
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by the end of the first two weeks of this treatment. The increase of
NO^ -N concentration (0.26 ppm) with respect to the treatment one NO^ -N
concentration (0.09) could be mainly due to nitrification, and
transmission of NO^ -N from upper layers to the sampling zone. It
should be noted that the samples were not large enough to run both
NO^ -N and Br tests in some cases. Field conditions (existence of gravel
in the sampling zone and vacuum produced during sampling in saturated
subsoil) were the cause of some missing data.
D. Auger Hole Sampling Results
Throughout this experimentation it was necessary to dilute soil water
In all of the samples for analysis, sometimes by a factor of 25 times. To
have a better understanding of the non-diluted samples it was decided some
large soil water samples should be tested for Br and NO^"-N. On July 30,
197^, fifteen samples were tal<en when the water table was 55 in below the
surface. The auger holes were bored in groups of five on each plot of
treatment two. One of the holes was bored at the point of injection
(center of plot) and four others in the Cartesian directions 18 in from
the center. Water samples were taken at the 78.0 in level around eight
weeks after injection.
Water samples from the auger holes had nearly the same bromide
concentration, (ranging from 0.04 to 0.51 ppm) as the background concentra
tion (0.17 ppm). This would indicate there was little retention of
bromide in the soil. In this case nitrate concentration again was
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essentially zero with narrow range,for this reason a few of the samples
were not tested for NO^ -N concentration. Asummary of laboratory
analysis is presented:
NO- -N Concentration
ppm
N = 9
X = 0.05, ranging from
0.03 to 0.06 ppm
S = 0.01
X
Br Concentration
ppm
N = 15
X = 0.13 ranging from
0.04 to 0.51 ppm
S =0.12
X
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Table 18. Overall average NO^ -N and Br concentrations
NO3-
ppm
-N
Br"
ppm Ralnfal1
since injection
inDescription n X n X
Background 28 0.08 11 0.17 -
Two weeks after
inject ion 31 0.09 29 1.95 0.80
Four weeks after
injection
61 0.26 67 1.06 6.31
Eight weeks after
injection
9 0.05 15 0.13 7.21
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VIiI. SUMMARY AND CONCLUSIONS
Movement and disappearance of nitrate and bromide was studied under
saturated field conditions by injecting solutions of known nitrate and
bromide concentrations below the water table and sampling over an extended
period of time. Two techniques of sampling were developed, a soil
sampling method and a piezometric method.
The piezometric method was easy to apply and eliminated the work
with soil in the laboratory analysis. Moreover, the sampling was less
time consuming, less complicated and created no vacuum problems as in
the soil sampling method.
Among the hand soil samplers tested, the 1-3/8-inch Oakfield sampler
worked best. The vacuum which tended to pull the sample out In the
saturated zone was reduced by use of this sampler.
The bromide background concentrations of the soil water were quite
low, ranging from 0.08 to 0.39 ppm. The NO '^-N background concentrations
in the saturated subsoil were essentially zero.
Two weeks after injection average concentrations of 1.95 pprn of
bromide and 0.09 Ppm of NO^ -N were observed, whereas four weeks after in
jection average concentrations of 1.06 ppm of bromtde and 0.26 ppm of
NO^ -N were determined. Reduction of bromide in the later observations
was mainly due to leaching. Reduction of the NO^ -N concentration in
relation to the Br concentrations, in both treatments were probably due
to denitrification and/or immobilization. NO^ -N had largely disappeared
two weeks after it was injected below the water table.
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Water samples taken from auger holes within the treated area eight
weeks after injection of the chemicals had nearly the same bromide
concentration (ranging from 0.04 to 0.51 ppm) as the background samples
(0.17 ppm). There was little bromide retention in soil.
As a general rule the bromide concentration of the background is
low compared to C1 . It moves at the same rate as nitrate in the
subsoil. It Is relatively non-toxic. A concentration of 200 ppm may
be employed with no known harmful effects to people. It Is cheap and
available to use.
The results Indicate that the potential denitrifying capacity of
some Iowa soils which have a shallow water table can result In a large
nitrogen loss under certain climatic conditions. Observation of data
also provides a good Indication of substantial nutrient leaching during
the period of heavy rainfalls. From the standpoint of biological
considerations and energy conservation loss of nitrogen is quite
Important. Consequently, further study of nitrate movement to provide
adequate knowledge for selecting the best rate and time for nitrogen
fertilization Is of the highest relevance.
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Table 19. Dally soil temperatures (F*), April, 197^
Depth
40.0(in) 2.25 8.0
Day of Max. Min Av Max Min Av Av ®
month Temp Temp Temp Temp Temp Temp Temp
52 43 47.5 44 43 43.5 34
2 59 39 49.0 46 43 44.5 35
3 60 50 55.0 48 46 47.0 35
k 50 38 44.0 48 42 45.0 35
5 53 36 44.5 42 39 40.5 35
6 52 37 44.5 44 42 43.0 35
7 52 42 47.0 44 44 44.0 36
8 53 36 44.5 45 42 43.5 36
9 65 38 51.5 48 43 45.5 37
10 65 47 56.0. 50 48 49.0 37
n 60 51 55.5 51 49 50.0 38
12 55 51 53.0 50 49 49.5 38
13 57 45 51.0 50 48 49.0 39
14 55 41 48.0 50 47 48.5 40
15 59 38 48.5 47 43 45.0 40
16 65 41 53.0 49 46 47.5 41
17 66 42 54.0 52 48 50.0 41
18 70 48 59.0 55 51 53.0 42
19 71 49 60.0 57 53 55.0 42
20 66 55 60.5 56 54 55.0 42
21 62 54 58.0 55 54 54.5 43
22 62 45 53.5 55 51 53.0 43
23 63 42 52.5 55 48 51.5 43
Zk 61 40 50.5 52 47 49.5 43
25 77 48 62.5 56 51 53.5 43
26 77 58 67-5. 60 56 58.0 43
27 77 58 67.5 62 58 60.0 44
28 77 63 69.5 64 62 63.0 44
29 74 59 66.5 64 61 62.5 44
30 74 52 63.5 62 59 60.5 45
Average 63.0 46.2 54.6 52.0 48.9 50.45 39.77
Average for years 1970, 1971 and 1972,
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Table 20. Daily soil temperature (F°), May, 197^
Depth
(in) 2.25 8.0 40.0
Day of Max Mi n Av Max Mi n Av Av ®
Month Temp. Temp Temp Temp Temp Temp Temp
1 73 53 63.0 62 59 60.5 45
2 76 57 66.5 61 58 59.5 45
3 78 53 65.5 64 60 62.0 46
k 77 56 66.5 64 61 62.5 46
5 76 57 66.5 65 61 63.0 46
6 76 52 6k.O 64 59 61.5 46
7 77 52 64.5 64 58 61.0 46
8 52 49 50.5 58 54 56.0 46
9 5^ 48 51.0 54 52 53.0 47
10 56 k7 51.5 52 52 52.0 47
11 65 53 59.0 56 51 53.5 47
12 66 50 58.0 58 54 56.0 48
13 65 49 57.0 57 53 55.0 49
lif 62 50 56.0 55 53 54.0 49
15 70 47 58.5 57 53 55.0 50
16 70 57 63.5 58 56 57.0 49
17 67 57 62.0 59 57 58.0 50
18 66 60 63.0 58 58 58.0 50
19 63 58 60.5 59 58 58.5 50
20 78 62 70.0 64 58 61.0 51
21 79 67 73.0 66 64 65.0 51
22 76 61 68.5 66 64 65.0 52
23 76 55 65.5 66 61 63.5 53
2k 80 53 66.5 65 60 62,5 53
25 80 56 68.0 67 62 64.5 53
26 70 59 64.5 65 61 63.0 53
27 72 58 65.0 62 60 61.0 53
28 76 63 69.5 66 62 64.0 53
29 79 67 73.0 67 65 65.0 54
30 80 63 71.5 68 65 66 5 54
31 76 59 67.5 67 64 65.5 54
Average 71.3 55.7 63.5 61.8 58.5 60.15 49.55
Average for years 1970, 1971 and 1972.
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Table 21. Daily soil temperatures (F®), June, 197^
Depth
(in) 2.25 8.0 40.0
Day of Max Min Av Max Min Av Av ®
month Temp Temp Temp Temp Temp Temp Temp
82 56 69.0 66 62 64.0 54
2 88 63 75.5 71 65 68.0 55
3 90 66 78.0 73 68 70.5 55
k 90 68 79.0 75 71 73.0 55
5 89 68 78.5 75 71 73.0 55
6 88 70 79.0 75 71 73.0 56
7 77 64 70.5 71 67 69.0 56
8 78 61 69.5 70 67 68.5 56
9 72 62 67.0 68 65 66.5 56
10 71 59 65.0 66 64 65.0 57
11 74 59 66.5 65 62 63.5 58
12 86 55 70.5 68 62 65.0 58
13 86 65 75.5 71 66 68.5 58
14 92 68 80.0 74 70 72.0 59
15 93 64 78.5 72 68 70.0 59
16 83 60 71.5 73 68 70.5 59
17 88 57 72.5 71 66 68.5 59
18 92 64 78.0 74 69 71.5 59
19 93 69 81,0 76 72 74.0 59
20 95 74 84.5 77 74 75.5 59
21 97 76 86.5 80 76 78.0 60
22 93 69 81.0 80 73 76.5 60
23 90 61 75.5 74 68 71.0 60
24 88 62 75.0 73 68 70.5 59
25 94 63 78.5 73 66 69.5 60
26 94 68 81.0 78 73 75.5 60
27 95 67 81.0 80 74 77.0 61
28 95 69 82.0 81 74 77.5 61
29 97 72 84.5 81 76 78.5 61
30 96 73 84.5 82 77 79.5 61
Average 88.2 65.1 76.65 73.8 69.1 71.45 58.17
Average for years 1970, 1971 and 1972.
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Table 23. Daily pan evaporation (In)
197^
April May June Jul y
Day of Evapo- Evapo- Evapo- Evapo-
month ratIon ra t i on rat ion rat ion
1
a
0,29 0.23 0.44
2 - 0.38 0.29 0.65
3 - 0.30 0.41 0.29
k - 0.25 0.23 0.30
5 - 0.33 0.28 0.30
6 - 0.26 0.21 0.45
7 - 0.17 0.08 0.42
8 - 0.05 0.24 0.33
9 - 0.05 - 0.44
10 - 0,09 0.21 0.54
11 - 0.28 0.27 0.11
12 - 0.24 0.30 0.34
13 - - 0.24 0.41
- 0.18 0.26 0.38
15 - 0.16 0.50 0.36
16 - - 0.34 0.45
17 - 0.12 0.23 0.53
18 - - 0.37 0.34
19 0.23 0.06 - 0,30
20 0.18 0.13 0.27 0.37
21 - 0.29 0.30 0.38
22 0.22 0.19 -.28 0.38
23 0.22 0.34 0.27 0.32
2k 0.35 0,26 0.30 0.43
25 0.10 0.21 0.25 0.30
26 0.17 0.14 0.32 0.27
27 0.38 0.12 0.29 0.35
28 0.14 -.17 0.61 0.28
29 0.16 0.21 0,33 0.30
30 0.33 0.15 0.49 0.32
31 0.33 0. n
Total - 6.41 9.02 11.19
Not recorded.
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Table 24, NO^ -N and Br concentration (ppm) with respect to the depth,
two weeks after Injection, plot P, piezometer samples
Location
Depth
In N0^"-N® NO '^-N^
a
Br"
1
u
CD
d.r.^
Core samples six In from in iectlon axis
Northeast 36
42
_d
- - - -
48 0.09® 1.30 1.72® 1.95 26.0
54 0.04® 0.52 2.40 0.78 10.43
Southeast 36 - - - - -
42 0.02® 0.21 1.12 0.32 4.29
48 0.06® 0.87 5.02 1.32 17.34
54 0.03® 0.35 1.98 0.53 7.06
Southwest 36 - - - - -
42 0.02® 0.22 0,21® 0.32 4.31
48 0.09® 1.28 2,95 1.93 25.69
54 0.01® 0.18 2.38 0.27 3.66
Northwest 36 - - - - -
42 0,02® 0.21 0.14® 0.31 4.15
48 0.08® 1.15 10.78 1.73 23.0
54 0.04® 0.55 2.98 0.82 10.95
Code: Water table level at Injecting time was 29 in from surface on
June 25, 1974.
Water table level at sampling time was 40 in from surface on
July n, 1974
Injection level was 42 in from surface
Total rainfall was 0.80 in since Injection
^Laboratory measurement,
^Significance level.
Dilution ratio.
Not recorded.
Not significant for analysis technique used.
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Table 24. (continued)
Locat ion
Depth
i n NO '^-N® NO •-n''
a
Br"
b
Br" d.r.^
Core samples eiahteen in from iniectioni axis
North 36
42
_d
-
- -
-
48 0.07® 0.96 - - 19.18
54 0.15® 0.20 0.19® 0.31 4.07
East 36 - - - - -
42 0.04® 0.62 3.03 0.92 12.3
48 0.01® 0.20 0.98 0.29 3.9
54 0.25® 0.34 2.45 0.51 6.81
South 36 - - - - -
42 0.90® 0.92 2.02 1.38 18.39
48 0.02® 0.21 0.58 0.31 4.16
54 0.01® 0.20 0.93 0.30 3.98
West 36
42
- - - -
-
48 0.12® 0.28 2.59 0.42 5.63
54 0.01® 0.20 0.18® 0.30 3.91^
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Table 2k, (continued)
LocatIon
Depth
in NOj'-N® no^"-n''
a
Br"
b
Br" d.r.^
Core samples thirty in from Iniection ax 1s
Northeast 36 - - - - -
k2 0.41® 2.99 - - 59.8
0.07® 0.20 3.20 0.30 4.05
Sk 0,02® 0.21 0.29® 0.31 4.15
Southeast 36
k2
- - - - -
kS 0.05® 0.19 0.61 0.28 3.74
Sk 0.02® 0.32 2.44 0.48 6.35
Southwest 36 - - - - -
k2 0.08® 0.57 1.42 0.86 11.42
kB 0.01® 0.20 0.20® 0.29 3.92
Sk 0.01® 0.19 0.93 0.28 3.74
Northwest 36
k2
- - -
- -
kS 0.09® 0.32 2.56 0.48 6.41
Sk 0.01® 0.18 0.23® 0.27 3.55
Ta
bl
e
25
.
NO
^
-N
an
d
Br
co
nc
en
tra
tio
n
(pp
m)
w
ith
re
sp
ec
t
to
th
e
de
pt
h,
fo
ur
we
ek
s
af
te
r
in
je
ct
io
n,
s
o
il
sa
m
p
le
s,
tr
e
a
tm
e
n
t
tw
o
P
lo
t
I
D
i
s
ta
n
c
e
a
n
d
d
ir
e
c
ti
o
n
o
f
c
o
re
sa
m
p
le
s
fr
om
in
je
c
te
d
a
x
is
D
ep
th
in
h
N0
^"
-N
B
r"
L
o
c
a
t
io
n
NO
^"-
N®
NO
^"-
N
Br
"
B
r"
d
.r
.^
X
S X
n
X
S
x
n
6
in
,
E
a
st
3
3
-3
9
_d
-
-
3
9
-4
5
0,
30
®
0.
77
1.
22
1
.1
6
1
5
.4
4
4
5
-5
1
0.
15
®
0.
76
1.
07
®
1
.1
5
1
5
.2
9
5
1
-5
7
-
-
-
-
5
7
-6
3
0.
13
®
0.
64
O
.S
it®
0
.9
5
1
2
.7
3
C
od
e:
W
at
er
ta
b
le
le
v
el
a
t
in
je
ct
in
g
ti
m
e
w
as
36
in
fr
om
su
rf
ac
e
on
Ju
ne
7
,
19
74
W
at
er
ta
b
le
le
ve
l
a
t
sa
m
pl
in
g
ti
m
e
w
as
h
i
in
fr
om
su
rf
ac
e
on
Ju
ly
16
,
19
74
In
je
c
ti
o
n
le
v
el
w
as
k2
in
fr
om
su
rf
a
c
e
T
o
ta
l
ra
in
fa
ll
w
as
6.
31
in
d
u
ri
n
g
th
is
tr
ea
tm
en
t
a
L
a
b
o
ra
to
ry
m
e
a
su
re
m
e
n
t.
'^S
ig
ni
fic
an
t
le
ve
l.
^D
il
ut
io
n
ra
ti
o
.
^N
ot
re
co
rd
ed
.
0
N
o
t
s
ig
n
if
ic
a
n
t
fo
r
a
n
a
ly
s
is
te
c
h
n
iq
u
e
u
se
d
.
O
N
T
a
b
le
2
5
.
(c
o
n
ti
n
u
e
d
)
P
lo
t
I
D
is
ta
n
c
e
an
d
d
ir
e
c
ti
o
n
o
f
c
o
re
sa
m
p
le
s
fr
o
m
in
je
c
te
d
a
x
is
L
o
c
a
t
io
n
D
ep
th
in
N
0
_
NO
^"-
b
•N
B
r
b
B
r"
d.
r.
*^
12
in
.
S
o
u
th
e
a
st
3
3
-3
9
0
,.4
2®
0
.6
9
1
.1
6
1
.0
4
1
3
.8
1
3
9
-'
*
5
0
. ,3
9^
0
.6
7
1
.0
0
1
.0
0
1
3
.3
3
^♦5
-51
0
.,4
2®
0
.7
2
1
.1
2
1
.0
6
1
4
.3
6
5
1
-5
7
-
-
-
-
-
5
7
-6
3
0
. .1
1®
0
.5
5
0.
72
®
0
.8
2
1
0
.9
1
18
in
.
S
o
u
th
3
3
-3
9
^
5
-5
1
5
1
-5
7
5
7
-6
3
0
.3
0
0
,2
V
0
.7
5
0
.6
0
1
.2
9
0.
79
*
1
.1
3
0
.9
0
1
5
.0
0
1
1
.9
7
0
.3
0
0
.7
5
0
.9
9
1
.1
3
1
5
.0
0
NO
^
-N
B
r
A
v
e
ra
g
e
o
f
a
l
1
3
3
- -
3
9
0
.
4
2
1
1
.1
6
1
r
a
d
i
1
3
9
--
4
5
0
.
3
3
0
.0
5
3
1
.1
7
0
.
1
5
3
4
5
-•
51
0
.
2
7
0
.1
4
3
0
.9
9
0
.
1
8
3
5
1
-•
57
-
-
-
-
-
-
5
7
--
6
3
0
.
1
8
0
.1
0
3
0
.8
5
0
. ,
1
4
3
T
a
b
le
2
6
.
NO
^
-N
an
d
Br
co
n
ce
n
tr
at
io
n
(p
pm
)
w
it
h
re
sp
ec
t
to
th
e
d
e
p
th
,
fo
u
r
w
ee
k
s
a
f
te
r
in
je
c
ti
o
n
.
s
o
il
sa
m
p
le
s,
tr
e
a
tm
e
n
t
tw
o
P
lo
t
II
D
is
ta
n
c
e
a
n
d
d
ir
e
c
ti
o
n
o
f
co
re
sa
m
p
le
s
fr
om
in
je
c
ti
o
n
a
x
is
D
e
p
th
in
no
^"
-n
B
r"
L
o
c
a
ti
o
n
NO
'^-N
®
NO
^"-
N
8r
'
Br
"
d.r
.*^
X
S
n
X
X
S
n
X
C
e
n
te
r
3
3
-3
9
3
9
-^
5
4
5
-5
1
5
1
-5
7
5
7
-6
3
_d
0.
40
®
0.
51
0.
96
0.
77
10
.2
1
C
od
e:
W
at
er
ta
bl
e
le
ve
l
at
In
je
ct
in
g
ti
m
e
w
as
36
in
fro
m
su
rf
ac
e
on
Ju
ly
7»
19
7^
W
at
er
ta
b
le
le
ve
l
a
t
sa
m
pl
in
g
ti
m
e
w
as
h
j
in
fr
om
su
rf
ac
e
on
Ju
ly
15
,
19
74
In
je
c
ti
o
n
le
v
e
l
w
as
kZ
In
fr
o
m
su
rf
a
c
e
T
o
ta
l
ra
in
fa
ll
w
as
6.
31
in
d
u
ri
n
g
th
is
tr
ea
tm
en
t
^L
ab
or
at
or
y
m
ea
su
re
m
en
t.
^S
ig
ni
fic
an
t
le
ve
l.
c
D
il
u
ti
o
n
r
a
ti
o
,
^N
ot
re
co
rd
ed
.
N
ot
si
g
n
if
ic
a
n
t
fo
r
a
n
a
ly
si
s
te
ch
n
iq
u
e
u
se
d
.
C
O
T
ab
le
2
6
.
(c
o
n
ti
n
u
ed
)
P
lo
t
D
is
ta
n
ce
an
d
d
ir
e
c
ti
o
n
o
f
c
o
re
sa
m
p
le
s
fr
om
in
je
c
ti
o
n
a
x
is
D
e
p
th
in
k
®
N
B
r"
b
B
r"
NO
^"-
N
Br
"
L
o
c
a
t
io
n
NO
j'-N
^
N
O
d.
r,
^
X
S
n
X
S
n
X
X
6
in
»
E
a
st
3
3
-3
9
-
-
-
-
-
3
9
-4
5
0.
32
®
0
.8
5
1
.2
4
1
.2
4
1
6
.9
-
-
-
-
-
5
1
-5
7
0.
24
®
0
.6
2
1
.0
0
0
.9
3
1
2
.3
5
5
7
-6
3
0.
36
®
0
.6
0
1
.1
2
0
.8
9
1
1
.9
1
12
in
.
S
o
u
th
e
a
st
3
3
-3
9
0.
30
®
0
.7
8
1
.2
0
1
.1
8
1
5
.6
8
3
9
-4
5
0.
31
®
0
.7
8
1
.3
0
1
.1
7
1
5
.5
8
4
5
-5
1
0.
16
®
0
.8
1
1.
12
®
1
.2
2
1
.2
3
.
5
1
-5
7
0.
11
®
0
.5
6
0.
75
®
0
.8
4
1
1
.1
9
5
7
-6
3
0.
39
®
0
.6
6
1
.0
4
0
.9
9
1
3
.1
6
1
8
in
.
S
o
u
th
3
3
-3
9
0.
33
®
0
.5
7
1
.3
2
0
.8
5
1
1
.3
8
3
9
-4
5
0.
42
®
0
.7
2
1
.4
2
1
.0
8
1
4
.3
4
-
-
-
-
-
5
1
-5
7
0.
33
®
0
.5
7
0
.9
5
0
.8
5
1
1
.3
1
5
7
-6
3
0.
24
®
0
.4
2
0
.7
0
0
.6
2
8
.3
3
v
o
T
ab
le
26
,
(c
o
n
ti
n
u
e
d
)
P
lo
t
D
is
ta
n
c
e
an
d
d
ir
e
c
ti
o
n
o
f
c
o
re
sa
m
p
le
s
fr
o
m
in
je
c
ti
o
n
a
x
is
N
O
^,"
-N
B
r"
L
o
c
a
t
io
n
D
ep
th
u
a
b
in
NO
^"-
n®
NO
^"-
N
Br
"
Br
"
d.
r.
X
S
X
n
X
S
X
n
A
v
er
ag
e
o
f
a
ll
3
3
-3
9
0
..
3
2
0
.
0
2
2
1
.2
6
0
.0
8
2
r
a
d
i
i
3
9
-^
5
0
, .
3
5
0
.
0
6
3
1
.3
2
0
.0
9
3
^
5
-5
1
0
,.
1
6
-
1
1
.1
2
-
1
5
1
-5
7
0
, .
2
3
0
.,
1
1
3
0
.9
0
0
.1
3
3
5
7
-6
3
0
, .
3
5
0
. ,
0
7
k
0
.9
6
0
.1
8
k
N
3
o
121
Table 27. NO^ -N and Br concentration (ppm) with respect to the depth,
four weeks after injection, plot III, treatment two
Depth
h
a b
LocatIon i n NO^ -N® NO^ -N° Br' Br" d.r.
Center 33-39 0.23^ 0.79 1.17'' 1.19 15.81
39-45 0.17^^ 0.75 1.18 1.12 14.99
45-51 0.23^ 0,58 0.79'' 0.87 11.65
51-57 0,29*^ 0.72 0.87'' 1.07 14.30
57-63 0.86 0.74 1.03'' 1.12 14.89
Core samples six In from iniectlon axis
East 33-39 0.32^ 0.81 1.14'' 1.22 16.24
39-45 0.75 0.75 1.00*^ 1.13 15.08
45-51
e
- 0.99'' 1.12 14.97
51-57 0.40*^ 0.67 0,94^ 1.01 13.45
57-63 0.75 0.68 0.91^ 1.02 13.61
South 33-39 0.15'^ 0.79 1.33 1.19 15.8
39-45 0,20^ 1.02 1.62 1.54 20.54
45-51 0.12*^ 0.61 1.05 0.95 12.25
51-57 0.14^ 0.72 1,21 1.08 14.42
57-63 0.14^ 0.70 0.96"^ 1.05 14.00
Code: Water table level at injecting time was 36 In from surface on
June 7, 1974
Water table level at sampling time was kf In from surface on
July 16, 1974
Injecting level was kl in from surface
Total rainfall was 6.31 in during this treatment
Laboratory measurement.
'^ SlgnifIcance level.
^Dilution ratio.
^Below detectable level.
Not recorded because of the presence of gravel in the sampling zone
and the vacuum produced during sampling in saturated subsoil and other
undesirable field conditions the samples were unattainable.
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Table 27. (continued)
Depth
- b
a _b
c
LocatIon in NOj -N® NO^ -N Br" Br' d. r.
Core samples six in from iniection axis
West 33-39 - - - -
39-45 - - - - -
45-51 - - - - -
51-57 - - - - -
57-63 - - 0.42*^ 0.60 8.03
Core samples twelve in from Iniection axis
Northeast 33-39 0.17'' 0.84 1.36 1.26 16.58
39-45 0.19^ 0.97 1.36"^ 1.46 19.44
45-51 0.15"^ 0.72 1.29 1.08 14.46
51-57 0.15^ 0.75 0.99^ 1.12 14.96
57-63 0.15^ 0.74 1.22 1.11 14.84
Southeast 33-39 0.16^ 0.82 1.48 1.23 16.46
39-45 0.14^ 0.73 1.23 1.10 14.66
45-51 0.14^ 0.73 1.22 1.09 14.50
51-57 0.13'* 0.69 0.92^ 1.04 13.90
57-63 0.10^ 0.49 0.63^ 0.73 9.70
Southwest 33-39 0,14 '^ 0.72 1.29 1.08 14.36
39-45 0.15^ 0,78 1.05*^ 1.17 15.66
45-51 0.14*
I^
0.72 1.13 1.07 14.30
51-57 0.14 0.73 0.98*^ 1.10 14.68
57-63 0.14^ 0.74 0.98^ 1.11 14.84
123
Table 27. (continued)
LocatIon
Depth
In NOj'-N®
a
Br"
b
Br- d.r.^
Core sampl es twelve In from Injection axis
Northwest 33-39
39-'t5
_e
- -
51-57 - -
0."73'^
-
-
57-63 - - 1.03 13.78
Core samples eighteen In from inlection axis
North 33-39
39-45
'•5-51
51-57
-
-
-
-
57-63 - - 0.73"^ 0.96 12.76
East 33-39 0.12*^ 0.75 1.16 1.13 15.03
39-^5 0.70^ 0.86 1.34 1.28 17.13
^♦5-51 0.25*^ 0,61 0.91 0.91 12.10
51-57 0.73 1.33 1.07 14.59
57-63 - - 0.71"^ 0.95 12.65
South 33-39 0.17^ 0.87 l.lif'' 1.30 17.34
39-^*5 0,16^ 0.79 1.04^ 1.19 15.81
^•5-51 0.15"^ 0.72 1.09 1.09 14.48
51-57 0.11*^ 0.55 0.70"^ 0.83 11.06
57-63 0.14^ 0.70 1.04"^ 1.05 14.06
West 33-39
39-'t5
'♦5-51
51-57
- - - - -
57-63 - - 1.08"^ 1.09 14.59
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Table 28- Average NO^ -N and Br concentration (ppm) with respect to
depth, two weeks after injection, treatment one, soil samples
Plot 1
Distance from
Injection axis
In
Depth
in
NO '^-N Br"
X S
X
n X S
X
n
Center 21-27
27-33
1.82
8.82
- 1
1
2.90 - 1
33-39 8.58 - 1 13.89 - 1
39-45 2.21 - 1 7.92 - 1
6 21-27 2.75 0.90 4 2.51 0.56 1
27-33 2.71 2.37 4 1.90 2.67 2
33-39 1.79 2.05 4 2.77 1.60 4
39-45 2.52 2.15 4 2.98 2.44 4
12 21-27 1.72 1.58 4 2.01 0.62 2
27-33 1.12 1.90 4 1.97 0.03 3
33-39 3.14 5.89 4 1.21 - 1
39-45 2.04 1.95 4 2.61 1.65 4
18 21-27 1.91 1.85 4 1.06 0.42 2
27-33 0.41 0.53 4 2.56 1.36 2
33-39 0.37 0.72 4 5.45 5.13 2
39-45 1.46 0.87 4 1.43 0.09 4
Total av 21-27 2.10 1.37 13 1.38 0 .89 6
27-33 1,98 2.74 13 2.04 1.28 7
33-39 2.29 3.81 13 4.64 4.58 8
39-45 2.02 1.58 13 2.79 2,24 13
Code: Water table level
June 6, 1974
at injection time was 36 in from surface on
Water table level at sampling time was 30 In from surface on
June 21, 1974
Injection level was 42 In from surface
Total rainfall during this treatment was 4.19 In
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Table 29. Average NO^ -N and Br concentration (ppm) with respect to
depth, two weeks after Injection, treatment one, soil samples
Plot 2
Distance from
Injection axis
1n
Depth
in
NO '^-N Br"
X S
X
n X S
X
n
Center 21-27 0.11 - 1 0.45 - 1
27-33 0.12 - 1 0.60 - 1
33-39 0.12 - 1 1.24 - 1
39-45 0.14 - 1 0.54 - 1
6 21-27 0.12 0.02 4 0.41 0,30 3
27-33 0.17 0.11 4 0.70 0.34 3
33-39 0.12 0.01 4 0.38 0.15 3
39-45 0.12 0.02 3 0.31 0.13 2
12 21-27 0.11 0.01 4 0.34 - 1
27-33 0.56 0.90 4 2.06 2.64 2
33-39 0.12 0.01 4 1.01 1.19 3
39-45 0.50 0.76 3 1.16 0.54 3
18 21-27 0.70 1.20 4 0.61 0.75 4
27-33 1.70 2.80 4 1.25 0.42 2
33-39 0.96 1.45 3 1.04 0.49 3
39-45 0.50 0.85 3 0.69 0.39 3
Total av 21-27 0.28 0.67 13 0.49 0.50 9
27-33 0.76 1.62 13 1.17 1.20 8
33-39 0.33 0.72 12 0.85 0.70 10
39-45 0.39 0.62 10 0.74 0.48 9
Code: Water table level at Injection time was 36 in from surface on
» - ^ r
Water table level at sampling time was 32 In from surface on
June 26, 1974
Injection level was 42 In from surface
Total rainfall during this treatment was 5.63 In
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Table 30. Average NO '^-N and Br concentration (ppm) with respect to
depth, two weeks after injection, treatment one, soil samples
Plot 3
Distance from
injection axis
In
Depth
i n
NO^ "-N Br'
X S
X
n X S
X
n
Center 21- 27 0.61 - 1 0.35 1
11-•33 0.46 - 1 0.56 1
33-•39 1.41 - 1 0.38 1
39-•45 - - - - -
6 21-•27 1.16 0. 69 4 0.48 0. 03 4
27-•33 1.03 0. 53 4 0.51 0. 03 4
33-•39 0.94 0. 23 4 0.52 0. 08 4
39-•45 1.08 0. 17 3 0.52 0. 86 3
12 21-•27 1.00 0. 37 4 0.61 1
27--33 0.89 0. 01 2 0.48 1
33-•39 1.23 0. 07 2 0.54 1
39-•45 1.31 1 1.01 1
18 21-•27 1.70 0. 40 4 0.12 1
27--33 1,90 1. 24 4 -
-
33-•39 1.90 1 -
-
39-•45 2.22 0.,42 2 1.45 0,.69 2
Total av 21-•27 1.24 0..56 13 0.43 0 .16 7
27--33 1.28 0..91 n 0,52 0 .03 6
33--39 1.19 0..37 8 0.50 0 .09 6
39 -45 1.50 0,.60 6 0.91 0 .55 6
Code: Water table level at injection time was 36 in from surface on
June 6, 1974
Water table level at sampling time was 30 in from surface on
June 21, 1974
Injection level was 42 in from surface
Total rainfall during this treatment was 4.19 in
